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ABSTRACT OF THE DISSERTATION 

Using Fluorescence Microscopy to Study Antibiotics and Factors that Influence Bacterial 

Susceptibility  

by 

Hannah Tsunemoto 

Doctor of Philosophy in Biology 

University of California San Diego, 2020 

Professor Joseph Pogliano, Chair 

Associate Professor Eric Allen, Co-Chair 

 

 This dissertation looks at the overall theme of antibiotics and factors that influence bacterial 

susceptibility through the application of the fluorescence microscopy tool Bacterial Cytological 

Profiling (BCP). The first chapter is a brief history of antibiotics and the rise of bacterial resistance, 

the use of bacteriophages as an alternative therapy, and an overview of current fluorescence 

microscopy techniques used in the field to study antibiotic mechanism of action (MOA) and 

susceptibility.  

 Chapter 2 describes the integration of microfluidics and fluorescence microscopy to 

investigate antibiotic transport kinetics in Escherichia coli. Uptake of fluorescently-tagged 

azithromycin and roxithromycin were observed in different genetic backgrounds to characterize 

the extent to which the outer and inner membranes, and efflux, function as barriers to antimicrobial 



 

 xv 

activity. Different growth media was used to further characterize antibiotic uptake by cells under 

different microenvironments, specifically the impact of bicarbonate on transport kinetics.   

 Chapter 3 focuses on the application of BCP to probe the molecular interactions between 

antibiotic treatment and the jumbo phage φKZ during infection of Pseudomonas aeruginosa.  A 

diverse set of antibiotic classes were assayed, including those commonly used to treat P. 

aeruginosa infections. Further investigation into cell-wall active antibiotics were completed to 

explore mechanistic explanations for observed increases in relative phage infection and phage 

nucleus localization.  

 Chapter 4 is an overview of several collaborations with Victor Nizet’s lab at UCSD to 

examine antimicrobial synergies active against multi-drug resistant bacteria using BCP. This work 

included studies examining binding of the antimicrobial peptide LL-37 to Klebsiella pneumoniae 

during treatment with non-β-lactam β-lactamase inhibitors and the synergy between two protein 

synthesis inhibitors against Acinetobacter baumannii.   
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CHAPTER 1: 

Using antimicrobial compounds and bacteriophages against pathogenic bacteria 
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1.1 Discovery of antibiotics and the development of antibiotic resistance 

It has been famously estimated that there are approximately 6 x 1030 microbial cells on 

earth [1], and within each ecological niche, communities of bacteria compete or cooperate with 

each other for nutrients and space. From these interactions, some species have evolved the ability 

to generate and secrete specialized metabolites that can negatively impact surrounding cells. One 

genus of bacteria that is particularly prolific in producing antimicrobial compounds is the soil 

inhabiting Streptomyces [2]. Humans have since taken advantage of these environmental 

antagonisms and utilized bacteria-derived weaponry against pathogenic microbes to benefit public 

health. 

Bacteria-vs-bacteria competition is not the only source of antimicrobial molecules. Plants 

and animals also face attack from microbes and have evolved their own methods of defense. While 

the people of ancient history may not have understood the underlying mechanisms, it has been 

shown that the traditional cures of many cultures contain a myriad of active therapeutic 

compounds. Traditional Chinese Medicine (TCM), for example, relies on natural sources such as 

the leaves, bark, or roots of plants to provide varying bioactivities and these herbs are often used 

in concert with one another. Recent probing of the numerous TCM repertoire led to the 

characterization of artemisinin, a group of potent anti-malarial compounds [3].  

Despite the long history of treatments with TCM and other alternative medicines, the 

classic example for the founding of the “antibiotic era” is Alexander Fleming’s serendipitous 

discovery of penicillin, a specialized metabolite biosynthesized by a Penicillium mold [3, 4]. The 

introduction of penicillin into clinical use more than a decade later marked the beginning of the 

modern arms race of humans against pathogenic bacteria.  
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Over the last century, researchers have dedicated themselves to identifying novel 

antibiotics either by mining natural products from diverse origins, such as plants and the 

Actinobacteria, which encompasses Streptomyces sp. Studying the biosynthetically rich 

Streptomyces alone resulted in the identification of a wide range of antimicrobial compounds, 

including streptomycin, the first active molecule against Mycobacterium tuberculosis [5]. In fact, 

it is estimated that 80% of all known antibiotics were derived from a Streptomyces source [6]. 

Advancements in scientific methods have allowed for the chemical alteration of known scaffolds, 

for example modifications of the β-lactam backbone, to increase efficacy or bioavailability, and 

broaden our clinical arsenal against infectious disease [7, 8].  

An important property of antibiotics is their mechanism of action (MOA) and the 

identification of their molecular target. It is important to be able to differentiate between inhibition 

of the main biosynthetic pathways as well as identify those that broadly impact cell viability 

through non-specific mechanisms, e.g. bleach.  Before the application of microscopy techniques, 

discussed later in this dissertation, identifying the MOA for a specific antimicrobial compound 

required a variety of time-consuming and relatively non-specific assays [9].  

Historically, understanding an antibiotic’s MOA was limited to the biosynthetic pathway. 

Using radioactive precursors, macromolecular synthesis assays could identify if a particular 

treatment blocked one or more of the five essential processes of bacterial cell growth: DNA, RNA, 

protein, cell wall, or fatty acid [10]. To identify the specific molecular target of antibiotic required 

the generation, isolation, and sequencing of resistant mutants. This methodology has its limitations 

since it often requires large amounts of the antibiotic, which in cases of natural product work may 

not be feasible, or if the resistance mechanism is not related to the target itself, e.g. efflux pumps 

or degradation [11]. The advancements in sequencing technology is a benefit to this approach since 
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the time and cost to sequencing the whole genome of a bacteria has decreased while the accuracy 

has increased [12].  

Another way to identify the molecular target of an antibiotic is to screening gene-knockout 

collections under antibiotic conditions. The Keio Collection, a library of single-gene knockout 

mutants in Escherichia coli [13], has been used in a variety of studies to test the effects of small 

molecules, bacteriophages, and even media components such as bicarbonate of bacterial viability 

[14-16].  The development of transposon libraries and random barcode TnSeq provides a similar 

platform as gene-knockout collections and simplifies antibiotic screening since pooled screens can 

be performed and sequenced [11, 17]. Other methods for characterizing an antibiotic’s target and 

MOA include transcriptional or proteomic profiling in response to a given treatment [18, 19]. 

These techniques can provide a greater picture into how an antibiotic is affecting the physiology 

of a given bacteria, although proteomics tends to be more costly when compared to sequencing 

[19]. 

 While humans have only been exploiting these natural compounds as therapeutics for less 

than a century, environmental interspecies competition has been occurring since the beginning of 

their existence. Streptomyces are inherently resistant to many of the bioactive metabolites they 

synthesize, and stress is an ideal driver of evolution in the species that are in competition with 

these producers. Many studies have shown that bacteria isolated from caves and permafrost, 

previously untouched by human influence, contained functional resistance genes to several 

antibiotics, including macrolides and tetracyclines. Monitoring the evolution of resistance in these 

environmental microbes is difficult due to confounding factors such as horizontal gene transfer 

(HGT) [20]. While these bacteria may not impact human health directly, they represent a potential 

reservoir of resistance for pathogenic organisms.   
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Despite early excitement about the possibility of a “magic bullet” against infectious 

bacteria, a term coined by Paul Ehrlich, another early innovator of antibiotics, the microbes fought 

back [7]. Resistance to pharmaceutical antibiotics was observed very shortly after being added to 

the market [21]. In the case of penicillin, less than a year after its first clinical application, several 

instances of Staphylococcus aureus resistance were documented, and within 20 years, over 80% 

of S. aureus isolates were impervious to penicillin activity [22]. A similar observation was made 

for M. tuberculosis and streptomycin, where resistance occurred within the first year of clinical 

use [21]. 

 The rapid evolution of antibiotic resistant pathogens has been attributed to increased 

selective pressure accompanied by lax prescription practices by both doctors and patients. 

Horizontal gene transfer between the gut microbiome, which can be affected by administered 

antibiotics, and infectious microbes is an additional contribution to antibiotic resistance. A 2019 

report from the Centers for Disease Control (CDC) and Prevention classified 18 strains of bacterial 

pathogens as urgent, serious, or concerning threats to human health, many of which are multi-drug 

resistant (MDR). The CDC estimated that almost 2.8 million infections by antibiotic resistant 

pathogens occur each year [23]. The rise of these antibiotic resistant “superbugs,” including S. 

aureus and M. tuberculosis, complicates effective treatment and forces physicians to turn to toxic 

drugs of last resort [7, 21, 22]. 

 Gram-negative bacteria make up the majority of these MDR pathogenic strains. While 

some portions of the bacterial cell envelope are shared between Gram-positive and Gram-negative 

bacteria, the outer membrane (OM) of Gram-negative species plays the largest role in their intrinsic 

resistance to a wide array of antibiotics. Much research has been dedicated to understanding the 

complex nature of the OM. The OM is an asymmetrical lipid bilayer composed of phospholipids 
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in the inner leaflet and lipopolysaccharides (LPS) in the outer leaflet. The LPS of the OM are 

attracted to one another and thus form a tight biophysical barrier to hydrophobic molecules that 

could pass easily through the simpler cytoplasmic membrane [24, 25]. While some antibiotics can 

pass through the OM via outer membrane channels known as porins [26], the presence of efflux 

pumps can lower intracellular concentration of antibiotics to levels that are non-effective against 

the bacteria. Several Gram-negative bacteria have multiple types of efflux pumps which provide 

resistance to multiple types of antibiotics [25, 27].   

 Other mechanisms of antibiotic resistance fall under three broad categories: antimicrobial 

modifications/degradation, alteration or bypass of target, and global cell changes. The best-known 

example for antibiotic degradation is the evolution of modified cell wall enzymes to become β-

lactamases, which cut the active site of β-lactam containing drugs such as the penicillins. In 

contrast, bacteria like methicillin-resistant S. aureus evolved alternate penicillin-binding proteins, 

like PBP2A which have an altered protein structure that occludes binding of β-lactam antibiotics 

[28]. Bacteria can also alter their metabolomic activity and enter a transient state of resistance 

termed persistence [29].  

Additionally, some bacterial species can form biofilms. True biofilms have an extracellular 

matrix composed of exopolysaccharides, DNA, and lipids, and bacteria existing in a biofilm 

experience variable access to nutrients as you move through the three-dimensional space, resulting 

in transcriptionally distinct sub-populations within genetically identical cells. Biofilms have 

significant resistance to many antimicrobial agents compared to their planktonic counterparts, 

which is attributed to decreased penetration through the extracellular matrix [30]. Biofilm growth 

on surgical equipment and implanted devices can cause severe healthcare associated infections 

[31].           
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 In efforts to forestall the inevitable decline of antibiotic use as successful treatments, recent 

research has been dedicated to identifying potential synergies between antibiotics and/or molecules 

that subvert bacterial resistance mechanisms, e.g. β-lactamase inhibitors, for the development of 

adjuvant anti-infective therapies [32]. Another approach is identifying immune boosting 

compounds that enhance innate and adaptive immune responses to infection rather than targeting 

the pathogen itself [33]. Antimicrobial peptides (AMPs) are produced in almost all organisms, 

including bacteria and humans, and have become of interest as alternatives to antibiotics treatment 

[34]. Several studies have demonstrated that host AMPs, such as the human cathelicidin LL-37, 

can synergize with antibiotics in vitro to kill MDR bacteria [35-39].   

One particularly promising alternative is the use of viruses that infect bacteria, known as 

bacteriophages, implementing a “the enemy of my enemy is my friend” strategy. The application 

of bacteriophages against infectious bacteria will be discussed further in the following section.    

1.2 Application of bacteriophages as alternatives to antibiotic treatment 

The previously mentioned estimate of 6 x 1030 microbial cells on earth is dwarfed by the 

predicted 1031 bacteriophage particles. Within ecological niches, phages impose selective pressure 

for evolution of their bacterial hosts like that of bacterial-produced specialized metabolites. 

Similarly, interspecies interactions force modifications on the side of the virus, encouraging 

adaptations of phage and host in step with one another. Despite their abundance, characterization 

of these phages and our understanding of their lifecycles, host specificity, and co-evolution is 

limited [40].  

The best studied bacteriophage is phage λ, discovered in the early 1950s by Esther 

Lederberg and who also identified E. coli as its host. Subsequent research using phage λ provided 

detailed viral infection models (lytic and lysogenic cycles) and paved the way for major 
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breakthroughs in molecular biology, including methods for genetic recombination and gene 

expression control [41]. In 1982, Frederick Sanger sequenced the whole ~48.5 kb genome of phage 

λ, further contributing to its position as a powerful genetic tool even into the modern age [42].   

At the microscopic level, phage λ is orders of magnitude smaller than its bacterial host.   

This is not the case for every bacteriophage; jumbo phages are defined as having a >200 kb 

genome. Phage G is the largest known jumbo phage and host, its Bacillus megaterium, is about 

three- to four-times larger than E. coli. The increased genome of these large phages can lead to 

increased molecular complexity [43]. Research by Kraemer et al. demonstrated that the 

Pseudomonas jumbo phage 201φ2-1 encodes a tubulin-like spindle capable of centering the viral 

DNA during infection [44]. It is important to note that some of these jumbo phages infect 

pathogenic bacteria, such as P. aeruginosa, Klebsiella pneumoniae, and Acinetobacter baumannii 

[43].  

Early instances of using viruses to target infectious bacteria can be traced back to Felix 

d’Herelle in 1917, about a decade before the discovery of penicillin [45]. The recent rise of MDR 

bacteria has renewed interest in pursuing phage therapy as alternatives to antibiotics [46, 47]. 

Although phage therapy has not been approved for widespread use in the United States, there have 

been several significant uses of bacteriophages against MDR infections under the principles of 

compassionate use [48]. Famously, in 2016, Tom Patterson was successfully treated with a cocktail 

of phages, identified through a joint effort of the US Navy, UCSD, and Texas A&M, to clear an 

infection caused by an MDR strain of A. baumannii [49]. This case brought greater widespread 

attention to the revival of phage therapy.  

Since then, several other success stories of phage therapy have been documented against 

other MDR bacteria. Chan et al. described the use of a jumbo phage known as OMKO1 to treat a 
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recurrent P. aeruginosa infection within an aortic graft after ineffective control with antibiotic 

treatment. The researchers noted that in vitro treatment of P. aeruginosa biofilms with OMKO1 

alone and or in combination with one of two antibiotics, ceftazidime and ciprofloxacin, led to 

significant decrease in biofilm density over antibiotic treatment alone [50].  

Another example of was the treatment of a M. abscessus infection in a young girl who had 

cystic fibrosis using a cocktail of three phages identified as part of the SEA-PHAGES program 

run by the Howard Hughes Medical Institute. This case is of particular interest because the 

researchers genetically edited two phages to become more effective at killing bacteria by forcing 

them to be constitutively lytic [51]. Despite a surge in research, much is still unknown about phages 

and how their use may indirectly impact human health, specifically their interactions with the host 

immune system and microbiome [45].  

Several traits that need to be considered prior to the utilization of a phage for patient therapy 

are as follows: clearance of the target bacteria, the lack of toxin-producing genes, lack of a 

lysogenic phase, its ability for transduction, and its host range [52]. One important characteristic 

of bacteriophages that defines their host specificity is how they recognize, bind, and enter their 

host cell, also known as absorption. The process of absorption has been highly studied from as far 

back as Delbruck in 1940 [53] when random collisions were thought to be the main means for 

attachment of phage to host cell. Since then, studies have demonstrated that tailed phage can 

increase the likelihood for successful infection by using their tail fibers to “walk” along the 

bacterial cell surface to find its appropriate receptor [54].  The receptors for several of these tailed 

phages have been identified as OM porins (OMPs), including phage λ and its receptor, the 

maltoporin LamB [55, 56].   
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It has been suggested that phage therapy might face similar downfalls as antibiotics. Just 

as environmental and human-driven pressures forced selection of antibiotic-resistant microbes, so 

can phage therapy force selection of phage-resistance to infection. Bacteria have evolved an 

adaptive immune response against bacteriophage infection, the CRISPR-Cas system (clustered 

regularly interspaced short palindromic repeats), that functions by targeting foreign nucleic acids 

complementary to acquired spacers for degradation. To date, it is estimated that about 50% of all 

bacteria contain one or more types of the CRISPR-Cas system [57]. Other mechanisms of phage 

resistance include modifications of surface phage receptors either at the protein structure or the 

protein expression levels [58]. It is important to note several studies have demonstrated that 

bacteria that evolve resistance against phages that utilize OMPs as their receptors often experience 

a trade-off resulting in increased antibiotic sensitivity [59, 60].   

Antibiotics and phages can be used in combination with each other in an effort to subvert 

bacterial resistance mechanisms to either antibiotic individually. It has been shown that co-

treatment with certain antibiotics at sub-inhibitory levels can promote phage infectivity [61]. The 

term phage-antibiotic synergy (PAS) was first described by Comeau et al. during treatment of E. 

coli with cefotaxime and a lytic phage [62]. Preliminary research resulted in promising activity 

against many MDR pathogens, including P. aeruginosa and A. baumannii [61, 63]. While many 

of the underlying mechanisms of PAS are currently unclear, advances in scientific techniques, 

such as fluorescence microscopy, can help broaden our understanding of these interactions at the 

molecular level. 

1.3 Use of fluorescence microscopy to study antibiotic action and bacteriophage infection 

Microscopy was utilized by the “father of microbiology” Anton van Leeuwenhoek with 

lenses that had a resolution power of almost one micron [64]. The technology has come a long way 
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since then, and with it, the understanding that bacteria can be similarly complex as eukaryotic cells 

with both temporal and spatial localization of proteins and, by extension, functions [65, 66]. 

Fluorescence microscopy is one of the most widely available and, arguably, one of the most 

broadly applicable forms of microscopic tools. It is especially versatile in studying antibiotics and 

their effects on bacteria.  

Utilizing a set of fluorescent dyes that stain various components of the bacterial cell, Lamsa 

et al. characterized the MOA of a secreted metabolite of Bacillus subtilis, showing that it collapsed 

the proton motive force of both Gram-positive and Gram-negative bacteria [67]. Following that 

study, Nonejuie et al. demonstrated the ability to use a fluorescent microscopy tool dubbed 

Bacterial Cytological Profiling (BCP) to differentiate between antibiotics that target different 

biosynthetic pathways by taking advantage of the distinct morphological changes in bacterial cells 

upon treatment with those antibiotics. BCP was shown to be relatively rapid, in the timescale of 

hours, compared to previous MOA assays [9]. More recently, Zahir et al. described a high-

throughput morphology-based screening platform incorporating glass-bottom 96-well plates and 

the Keio collection of E. coli single-gene deletion mutants to monitor phenotypic changes in cell 

shape in response to a cell wall active compound, cefsulodin [68].  

Other applications of fluorescence microscopy to study effects of antimicrobial compounds 

on bacteria include the utilization of the voltage sensitive dyes DiSC3(5) and DiBAC4(3) to identify 

antibiotics that cause membrane depolarization as demonstrated by Winkel et al. Concentrating 

within the cell, the voltage sensitive dyes self-quench, and upon depolarization of the membrane, 

there is rapid release of the dye into the supernatant and an increase in fluorescence signal [69]. 

Lee et al. also used membrane potential dynamics and the fluorescent dye thioflavin-T to observe 

differences in stress response to antibiotic treatment that were mediated by magnesium flux [70].    
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 It is relatively easy and inexpensive to design and generate functional fluorescent proteins 

to answer a broad range of questions related to cell biology, including how an antibiotic affects a 

bacterial cell. Pogliano et al. combined multiple fluorescent techniques, including GFP-tagging of 

the essential cell division protein of B. subtilis DivIVA, to show that daptomycin treatment led to 

incorrect localization of cell division machinery and thus disruption of proper cell growth [71].  

Muller et al. later used various GFP-tagged proteins within different biosynthetic processes to 

show that daptomycin interferes with membrane fluidity [72].   

With the increasing availability of fluorescently tagged antibiotics, it is possible to expand 

the study of protein-antibiotic interactions beyond the MOA. Previous methods of studying the 

binding of an antibiotic to its target or uptake into a cell required radioactive labeling [73, 74]. 

Several fluorescent conjugates of antibiotics have been developed and utilized to study localization 

of infection or toxicity within a host, protein target localization or antibiotic accumulation within 

a bacterial cell, and resistance mechanisms by bacteria [75-78]. Researchers have also taken 

advantage of certain antibiotics that fluoresce on their own without the need for conjugation to an 

additional probe. Cinquin et al. demonstrated the use of a fluoroquinolone antibiotic that excites 

under UV to study accumulation within Enterobacter aerogenes [79].   

Fluorescence microscopy is not limited to the realm of the foundational science laboratory; 

it has implications for the clinical environment as well. Quach et al. used BCP to rapidly classify 

sensitive and resistant strains of methicillin-resistant S. aureus based on the lysis patterns under 

antibiotic treatment [80]. Sabhachandani et al. combined bead-based isolation, droplet 

microfluidics, and fluorescence microscopy to identify susceptibility breakpoints of pathogenic E. 

coli from patient urine samples for two different antibiotics [81]. These techniques are of interest 
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due to their ability to bypass the long culturing times required by other antibiotic susceptibility 

testing methods commonly used in the clinic to determine treatment options for infected patients. 

Fluorescence microscopy can also be used to study the lifecycle of bacteriophages.  

Chatterjee & Rothenberg monitored the movement of fluorescently labeled phage λ to track its 

interaction dynamics with its bacterial receptor LamB [82]. Following the footsteps of Kraemer et 

al. [44], Chaikeeratisak et al. used fluorescently conjugated proteins to show the phage-encoded 

spindle is conserved across related Pseudomonas phages φKZ and φPA3. Chaikeeratisak et al. also 

discovered that these jumbo phages produce a proteinaceous shell around their DNA, mimicking 

the nucleus of eukaryotic organisms [83, 84]. This level of molecular complexity was previously 

uncharacterized and leads to interesting hypotheses regarding eukaryogenesis.  

This dissertation contributes to the current field by describing the application of 

fluorescence microscopy to study the effect of antibiotics on pathogenic bacteria in a variety of 

ways. These include the application of fluorescent antibiotics to characterizing antibiotic uptake 

kinetics in E. coli, probing the effect of media conditions that mimic the human host environment 

on bacterial susceptibility, and observing phenotypic profiles of multi-drug resistant strains in 

response to drug combination treatment [85, 86]. This dissertation also describes the use of 

fluorescence microscopy to observe interactions between jumbo phage infection with different 

antibiotics from a variety of classes and their dual effects on host cell and viral cytology.  
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CHAPTER 2: 

Using microfluidics and fluorescence microscopy to monitor antibiotic uptake kinetics in 

Escherichia coli 
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2.1 Abstract 

The effectiveness of an antimicrobial compound is tightly linked to its ability to reach its 

intended target. In the case of many antibiotics, that means passing through the bacterial cell 

envelope and into the cytoplasm, the mechanisms by which are poorly understood. Previous 

research in monitoring antibiotic uptake often used indirect methods or required the use of 

radioactive labeling. By incorporating microfluidics and the fluorescence microscopy technique 

known as bacterial cytological profiling together, in this study we observe the uptake of two 

fluorescently tagged macrolides, azithromycin and roxithromycin, at the single cell level with 

greater temporal resolution. Using these tools, we have quantitatively assessed the capacity of 

individual components of the Gram-negative bacteria Escherichia coli cell envelope, e.g. outer 

membrane vs inner membrane, in preventing the accumulation of antibiotics. Additionally, we 

show that cells grown in bicarbonate-containing media such as the eukaryotic cell culture media 

RPMI 1640 have increased uptake rates compared to growth in standard bacteriologic medias and 

this kinetic difference suggests that bicarbonate alters outer membrane permeability. Together, 

these results provide insight into how various conditions or mutants affect the kinetics of antibiotic 

uptake and therefore influence antibiotic susceptibility. 

2.2 Introduction 

Antibiotics are inarguably a pillar of modern medicine, but our dependency on these 

compounds generates artificial selective pressure on rapidly changing infectious bacteria. 

Introduction of a new antibiotic into clinical use is quickly followed by the occurrence of resistant 

bacteria. Indeed, some pathogenic strains have evolved resistance to multiple classes of antibiotics 

leading to treatment complications or necessitating the use of toxic last-line drugs [1]. The 

ESKAPEE group of pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 
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pneumoniae, Pseudomonas aeruginosa, Enterobacter spp., and Escherichia coli) are the leading 

cause of healthcare-associated infections, and often present multi-drug resistance [2, 3]. The 

majority of these species are Gram-negative bacteria whose physiology itself creates several innate 

defenses to antimicrobial action [3].  

A major barrier to antibiotic susceptibility in Gram-negative bacteria, is the presence of the 

outer membrane. The outer membrane is an asymmetrical lipid bilayer with lipopolysaccharides 

in the outer leaflet and phospholipids in the inner leaflet [4]. This composition makes the outer 

membrane highly hydrophobic, preventing the diffusion of hydrophilic molecules. The outer 

membrane also has several channels known as porins that can restrict the passage of molecules 

from the external environment based on their size [5]. Decreased expression of certain outer 

membrane porins (OMPs) has been associated with resistance to several classes of antibiotics, 

including β-lactams and aminoglycosides, in several species of Gram-negative bacteria [6].     

Compounds that can make it past the outer membrane have to traverse the peptidoglycan 

cell wall and vicious periplasm before reaching the inner membrane [4]. Upon entering the 

bacterial cytoplasm, antibiotics are subject to export by powerful efflux pumps. These efflux 

pumps use either ATP hydrolysis or the electrochemical gradient of the proton motive force (PMF) 

to extrude toxic molecules from the cell, thus lowering an antibiotic’s intracellular concentration 

below that of its effective concentration [7]. The first description of efflux pump-mediated 

resistance to antibiotic was described by Ball et al. in 1980 regarding acquired tetracycline 

resistance in E. coli [8]. Since then, several classes of efflux pumps have been identified in both 

Gram-negative and Gram-positive bacteria [9, 10].  

Co-evolution with bacteria has provided ways of over-coming some of the intrinsic 

resistances of Gram-negative species. Cationic antimicrobial peptides (AMPs) have been 



 

24 

 

identified from a variety of biological sources from bacteria to the fruit fly Drosophila to humans 

[11]. In general, these positively charged AMPs function by readily inserting themselves into the 

negatively charged bacterial membranes, forming non-specific pores thereby disrupting the 

barrier-nature of the membrane [12, 13].  The bacterial polymyxins, first described in 1947 [14], 

and its derivatives have been well studied and are even used clinically (e.g. colistin) [15]. 

Polymyxin B nonapeptide (PMBN) has decreased bactericidal action relative to its original form, 

but has been shown to greatly sensitive Salmonella typhimurium, E. coli, and Pseudomonas 

aeruginosa to other antibiotics [16, 17].  The human cathelicidin LL-37 has also been shown to 

help to clear infections through the disruption of the bacterial membrane [18, 19]. Several studies 

have demonstrated the ability of LL-37 to affect bacterial survival on its own [20, 21], as well as 

synergize with commonly used antibiotics to clear infections [22, 23].   

While there has been a great deal of research into the mechanism of action of antibiotics 

[24], relatively little research has been done on the kinetics of antibiotic uptake. Early research in 

quantifying uptake often used indirect methods such as correlating changes in susceptibility to a 

given antibiotic in mutants lacking OMPs or with altered outer membranes [25, 26]. Other 

foundational studies used radioactive antibiotics to demonstrate the diffusion of macrolide 

antibiotics across membranes or the energy-dependent uptake of aminoglycosides [27-29]. One 

recent study used liquid chromatography-mass spectrometry tools to quantify uptake of a variety 

of antibiotics in E. coli [30]. With the advancement in microscopy techniques, the increasing 

availability of fluorescent antibiotics [31-33], and the development of microfluidics, we are in the 

unique position to monitor uptake at the single-cell level.  

Bacterial Cytological Profiling (BCP), a fluorescence microscopy method to profile 

morphological changes in bacteria treated with antibiotics, can accurately classify antibiotics based 
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on their target at the biosynthetic pathway level [34, 35], and has been used in a variety of bacterial 

species [36, 37]. The implementation of microfluidics, a specialized platform for controlling 

nutrient and antibiotic availability, with BCP provides a unique way to study the kinetics of 

antibiotic uptake.  

Recent research has suggested that the standard medium for susceptibility testing, cation-

adjusted Mueller-Hinton broth (CAMHB), may mask an antibiotic’s true potency when used in an 

infected patient, and that eukaryotic cell culture media, such as RPMI 1640, is a better mimic for 

the host environment [22, 38-40]. Bicarbonate is the primary buffering in the human body and is 

thought to contribute to these observed differences in antibiotic susceptibility, although the exact 

mechanism is still unclear. In 2006, Dorschner et al. showed that growth of MRSA and E.coli in 

bicarbonate containing media lead to increased membrane permeability, global gene expression 

changes, and thinning of the cell wall in S. aureus [41]. In 2018, Farha et al. suggested that the 

presence of bicarbonate affects antibiotic uptake and subsequent susceptibility by altering bacterial 

PMF [42]. Using BCP and microfluidics, we can test this hypothesis by observing uptake in media 

with or without bicarbonate, like RPMI 1640 supplemented with 10% LB (R10LB) and CAMHB, 

respectively. 

In this study, we sought to address questions related to the ability of antibiotics to penetrate 

the outer membrane of Gram-negative bacteria, a key step that determines the efficacy of many 

novel antibiotics. Macrolide antibiotics, such as azithromycin and roxithromycin, have been shown 

to cross the outer membrane through diffusion rather than using OMPs [43], which makes them 

ideal for probing the specific effect of the outer membrane. Using microfluidics and BCP, we 

quantified the uptake of azithromycin and roxithromycin tagged with the fluorescent probe 
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nitrobenzofurazan (NBD) under different conditions including genetic backgrounds, synergy with 

membrane permeabilizing agents, and media type.  

2.3 Materials and Methods  

Bacterial strains, growth, and antibiotics  

Escherichia coli strains MC4100, MC4100ΔtolC, and MC4100lptD4213 and MRSA LAC 

were used in this study. The bacteria were plated on LB agar inoculated in various media for assay 

at 30oC, for MICs, or 37oC, for microfluidics. The media used in this study was LB, LB + 25 mM 

HCO3 (LB+HCO3), RPMI 1640 + 10% LB (R10LB), or cation-adjusted Mueller Hinton Broth 

(CA-MHB). Preparations of antibiotics were performed according to manufacturer’s or, in the case 

of the fluorescent labeled conjugates, the provider’s recommendations. NBD-azithromycin (NBD-

Azm) and NBD-roxithromycin (NBD-Rox) were provided by the Nizet Lab at University of 

California, San Diego and the Blaskovich Lab at the University of Queensland, respectively.  

Minimal Inhibitory Concentration (MICs) Assays 

MICs of NBD-Azm, NBD-Rox, and PMBN, shown in Table 2.1, were determined using 

the broth microdilution method (6). In brief, overnight cultures of bacterial strains were diluted 

1:100 in the appropriate media type and allowed to grow at 30oC with rolling until an optical 

density at 600 (OD600) of ~0.15 – 0.2, or early exponential phase. The bacterial culture was diluted 

1:100 into each well of a 96-well plate containing antibiotics at appropriate concentrations serially 

diluted. MICs were determined by OD600 readings after 18-24 hours of incubation at 30oC with 

shaking.  

Microfluidics and fluorescence microscopy 

Overnight cultures of bacterial strains were diluted 1:100 and 1:1000 into fresh media and 

incubated at 37oC without shaking until OD600 ~0.1. Microfluidics plates (B04A-03, EMD 
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Millipore) were prepared, and run through the manufacturer’s liquid priming protocol. Cells were 

diluted to OD600 ~0.01 and added to the flow cell via manufacturer’s cell loading protocol. Cells 

were acclimated to flow cell for 30 minutes with media containing no antibiotics, followed by 90 

– 120 minutes antibiotic treatment. For synergy experiments, PMBN was added at selected 

concentrations during the acclimation period for 30 or 60 minutes, for the NBD-Rox and NBD-

Azm experiments, respectively.  

Microfluidics flow parameters were set at 37oC with 10 kPa pressure and ambient air flow. 

An inert red dye, ATTO 655, was used at 1 ug/mL to ensure proper flow through cell chamber. 

DAPI, at 1 ug/mL, was used to confirm cytology after post-antibiotic treatment (data not shown). 

Microscopy images were taken on a Deltavision Deconvolution Microscope (GE Healthcare) using 

phase contrast, and fluorescence at 475 and 632 nm excitations every 5 minutes for 1 hour.  

Exposure parameters were kept consistent throughout all experiments for a given fluorescent 

antibiotic. 

Quantitation of Fluorescence Microscopy  

Microscopy images were taken on a Deltavision Deconvolution Microscope (GE 

Healthcare) using phase contrast, and fluorescence at 475 and 632 nm excitations every 5 minutes 

for 1 hour. Images were loaded into FIJI [44] using default settings for hyperstacks and stabilized 

using the HyperStackReg plugin created by Ved Sharma. The resulting stabilized images were 

channel-separated and saved as individual tiff files for further processing by a custom MATLAB 

2017b (The MathWorks, Inc., Natick, Massachusetts) script. In brief, files are loaded into 

MATLAB in batches and the largest non-blank rectangle remaining in the stabilized image is 

found cropped to that size. Each channel associated with that image is cropped as well. The phase 

contrast channel associated with each image is used in conjunction with the red channel (632 nm 
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excitation) to perform image segmentation and obtain cell outlines. Cell properties including green 

channel (475 nm excitation) fluorescence, cell width and cell length were measured from these 

outlines. This processing is applied across all time points to obtain measurements over time for 

each experimental condition. Image processing and quantification was performed by Joseph Sugie, 

a Postdoc in the J. Pogliano lab. 

2.4 Results 

Role of outer membrane and efflux on antibiotic accumulation  

We first sought to probe the extent to which the outer membrane and active efflux prevents 

antibiotic accumulation in bacteria. To address this question, we utilized three different strains of 

E. coli, wild-type MC4100, efflux-pump deficient MC4100ΔtolC, and outer membrane impaired 

MC4100lptD4213. These strains were first acclimated to growth in LB media in the microfluidics 

plate for 30 minutes, and then exposed to a fluorescent antibiotic with phase contrast and 

fluorescence images collected over time. This allowed us to visualize antibiotic accumulation at 

the single cell level. 

In the absence of an intact outer membrane (Figure 2.1, lptD4213) accumulation of NBD-

azithromycin (NBD-Azm) and NBD-roxithromycin (NBD-Rox) within the cell was observed to 

occur rapidly, level off within the first 20 minutes of treatment. In comparison, in the absence of 

efflux (Figure 2.1, ΔtolC), there was steady accumulation of both fluorescent antibiotics over 60 

minutes of treatment without leveling off. The antibiotics did not accumulate to the same level in 

the efflux pump mutant compared to the outer membrane mutant. No uptake of either antibiotic 

was observed under wild-type conditions, which has both an intact outer membrane and efflux 

(Figure 2.1). These results show that the rate of uptake is substantially different between the three 

strains, as expected, and that the extent of accumulation also varies significantly between the ΔtolC 
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mutant and the lptD4213 mutant. In addition, examining the entry of antibiotics into the lptD4213 

mutant, whose outer membrane is severely compromised, suggests that the inner membrane forms 

a barrier that slows the diffusion of NBD-Azm and NBD-Rox into the cell, but does not prevent it 

from accumulating to high intracellular levels within 20 minutes of exposure. 

Effect of membrane permeabilization on antibiotic accumulation  

We next studied the disruption of the outer membrane using a cationic AMP, polymyxin B 

nonapeptide (PBMN), to see if it affected antibiotic uptake in a similar fashion to that of the 

lptD4213 mutant. We grew wild-type MC4100 with PMBN, known to target the outer membrane 

and thus affect antibiotic efficacy [13, 15-17, 45], for 30-60 minutes before treatment with 

fluorescent antibiotics at the respective concentrations and microscopy imaging to monitor 

increase in fluorescence signal within the cells over time. Treatment of wild type E.coli with sub-

MIC levels of PMBN (32 µg/ml) (Table 2.1), led to increased accumulation of both NBD-Azm 

and NBD-Rox compared to untreated cells (Figure 2.2A, B). It is interesting to note during time-

lapse imaging of antibiotic uptake, the fluorescence signal appears to accumulate in the 

periplasmic space during treatment with PMBN (Figure 2.2E, F).  Periplasmic accumulation 

suggests that while PMBN is capable of permeabilizing the outer membrane, the inner membrane 

may be playing a role in slowing the accumulation of the antibiotic in the cytoplasm, which we 

also observed in the lptD4213 mutant. 

Since treatment of wild type cells with PMBN and the lptD4213 mutant showed increased 

antibiotic uptake compared to the wild-type, we tested if there were synergy between the two. 

PMBN acts by disrupting the outer membrane but in the lptD4213 mutant the outer membrane is 

already compromised, raising the question of whether PMBN is capable of further disrupting the 

outer membrane of the lptD4213 mutant. However, in checkerboard experiments examining MICs, 
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we found no synergy between PMBN and the lptD4213 mutant with NBD-Azm (Table 2.1). These 

results imply that the outer membrane in the lptD4213 mutant is so weakened that PMBN does not 

provide any additional disruption to it. Therefore, our studies examining antibiotic uptake in the 

lptD4213 mutant most likely report the barrier the inner membrane presents to antibiotic 

accumulation.  

Effect of media condition on antibiotic accumulation  

A key focus of my studies has been investigating the response of bacteria in different media 

which alters antibiotic susceptibility, such as the eukaryotic cell culture media RPMI 1640. 

Bicarbonate has been proposed to be an important component of RPMI 1640 because it has been 

shown that the supplementation of bicarbonate in standard bacteriologic media alone is capable of 

altering antibiotic susceptibility [46]. In order to assay the effect of media type on antibiotic uptake, 

we treated wild-type MC4100 and Gram-positive methicillin-resistant S. aureus LAC strains with 

the same relative concentrations of NBD-Azm in media without bicarbonate (CAMHB and LB) 

or with bicarbonate (R10LB and LB + 25 mM HCO3 (LB+HCO3)). For both E.coli and MRSA, 

the strains were grown in the microfluidic plate in the four different media for 30 minutes before 

the addition of the fluorescent antibiotics at the concentrations indicated.  

In the two media containing bicarbonate, (Figure 2.3A, B, LB+HCO3 or R10LB), the 

fluorescence antibiotic accumulated within cells rapidly and plateaued  within the first 20 minutes 

of treatment in both strains. In comparison, in media without bicarbonate (Figure 2.3A, B, LB or 

CAMHB), relatively low uptake of the fluorescent antibiotic was observed. This demonstrates 

bicarbonate alone added to LB causes the accumulation of the fluorescent antibiotics to similar 

levels as cells grown in RPMI 1640 supplemented with 10% LB (R10LB).  These results suggest 
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that in both E.coli and S. aureus, bicarbonate is sufficient and likely the major contributor to the 

differences in antibiotic susceptibility.  

We also observed in these experiments the accumulation of fluorescently labeled 

antibiotics in the periplasmic space during growth in bicarbonate-containing media as we 

previously observed during growth of the E.coli lptD mutant or with PMBN (Figure 2.3E, F) for 

wild type E. coli. This suggests, that similar to treatment with the known-outer membrane 

permeabilizer PMBN, bicarbonate may also be affecting the integrity of the outer membrane to 

increase antibiotic uptake in wild-type cells.  

2.5 Discussion 

Using BCP and microfluidics in conjunction with each other allows us to answer some 

general questions regarding antibiotic transport into cell, including how rapidly does uptake occur, 

how does co-treatment with membrane permeabilizers affect the rate of uptake, and how do media 

conditions, specifically the presence of bicarbonate, alter antibiotic uptake kinetics. Azm and Rox 

are both second-generation macrolide antibiotics, sharing the same lactone-ring backbone, with 

slight modifications [47]. Rox contains an N-oxime side chain at the C9 position of the lactone-

ring. Rox compared to Azm has a higher MIC, except in cases where the outer membrane has been 

compromised (Table 2.1), and there are several reports of differences in clinical efficacy between 

Azm and Rox [48, 49].  

Early research in 1990 by Capobianoco & Goldman demonstrated that the accumulation of 

radioactive-labeled erythromycin and Azm into the Gram-negative Haemophilus influenzae was 

independent of active transport by disrupting the PMF using known inhibitors valinomycin and 

CCCP, which they concluded to indicate that these macrolides passively diffused across the cell 

envelope [28]. Additionally, macrolide antibiotics are relatively large and lipophilic, which 
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prevent them from crossing the outer membrane through porins [6]. This raises the questions of 

what is the underlying mechanism behind the transport of macrolides into the bacterial cell and 

what roles do the inner and outer membranes play in preventing antibiotic accumulation.  

Examining the slopes of the curves during treatment with NBD-Azm or NBD-Rox (Figure 

2.1, 2.4), we can see that in both cases there is a similar pattern in the effect that mutations in tolC 

or lptD4213 have on the uptake of these two antibiotics. The biophysical properties of the outer 

membrane are good at repelling most antibiotics [5], and in the presence of an intact outer 

membrane, the transport of the macrolides into the cell is reduced [43]. Both antibiotics are 

effectively excluded in wild-type cells (Figure 2.1, 2.2, 2.4). In the absence of an intact outer 

membrane, such as in the lpD4213 mutant, the inner membrane alone is not sufficient to prevent 

the accumulation of the fluorescence antibiotics (Figure 2.1) and suggests that the antibiotics are 

capable of diffusing through this lipid bilayer. The efflux pump TolC has been previously shown 

to confer resistance to macrolide treatment in E. coli [50]. In the absence of TolC, NBD-Azm and 

NBD-Rox both accumulate at a low, but steady, rate over the course of 60 minutes (Figure 2.1). 

This demonstrates that TolC is necessary to prevent accumulation of these macrolides.  

The efflux capacity of the lptD4213 mutant is unclear. Since it is unlikely that the outer 

membrane channel TolC can be properly anchored in the outer membrane of the lptD4213 mutant, 

the probability that effective efflux is functional in this strain is low. It is possible that a small 

amount of the accumulated antibiotic is removed from the cytoplasm via efflux pumps despite the 

destabilization of the outer membrane, however our data demonstrates that the quick movement of 

the fluorescent macrolides across the disrupted outer membrane overwhelms the bacterial cell. 

Therefore, any low level efflux the lptD4213 mutant is capable of is negligible compared to the 

rapid increase in intracellular concentration.   
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How growth in the presence of bicarbonate lowers the MIC of azithromycin has remained 

unclear. One study suggested that bicarbonate affects the PMF and thereby disables TolC 

dependent efflux [42]. The fact that the Azm MIC of the MC4100ΔtolC mutant (2 µg/ml) is 

approximately similar to the MIC (4 µg/ml) of wild type E.coli cells grown in bicarbonate-

containing media is consistent with this model. However, if the only effect of bicarbonate was on 

disabling TolC dependent efflux, then we might expect that the rates of Azm uptake in 

MC4100ΔtolC and wild type in bicarbonate to be similar. Instead, we found that during growth in 

media containing bicarbonate, the uptake curves of fluorescent Azm in wild-type E. coli are very 

similar to conditions that have a disrupted outer membrane, either through genetic means or with 

co-treatment with PMBN, rather than being similar to the ΔtolC mutant (Figures 2.1 – 2.4).  The 

similarities in uptake curves suggests that the presence of bicarbonate affects the integrity of the 

outer membrane rather than preventing efflux of the antibiotic through disruption of the PMF. 

Alternatively, it remains possible that bicarbonate primarily sensitizes cells by reducing the PMF, 

while also having additional effects on the structure or integrity of the LPS outer membrane barrier.  

Future studies will be necessary to measure the effect of the bicarbonate on the PMF in these 

strains.   

In these conditions, we observed sequestering of the fluorescent antibiotic within the 

periplasmic space, which may also indicate the effect of PMBN and bicarbonate is specific to the 

outer membrane. Additionally, we can see that growth of the Gram-positive MRSA LAC in 

LB+HCO3 or RPMI+10%LB has higher fluorescence signal than in non-bicarbonate containing 

media. As mentioned previously, Dorschner et al. described the thinning of the staphylococcal cell 

wall during growth in media containing bicarbonate [41], which may explain this observation.  
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In future studies, we can model the accumulation of the fluorescent antibiotics using the 

general equation: 

𝑑𝐶

𝑑𝑡
= 𝑘𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛(𝐶𝑜𝑢𝑡𝑠𝑖𝑑𝑒 − 𝐶𝑖𝑛𝑠𝑖𝑑𝑒) − 𝑘𝑝𝑢𝑚𝑝(𝐶𝑖𝑛𝑠𝑖𝑑𝑒) +  𝑘𝑎𝑐𝑡𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡(𝐶𝑜𝑢𝑡𝑠𝑖𝑑𝑒) 

 

Previous work demonstrated that the macrolide antibiotics do not enter the cell via active 

transport, but rather are capable of diffusing across the outer membrane barrier [43]. This means 

that the value for kactive transport
 is zero.  Additionally, we can assume that the value of kdiffusion is 

higher in the outer membrane mutant MC4100 lptD4213 and that the value of kpump is zero in the 

efflux mutant MC4100ΔtolC. By fitting the measured rates of uptake to the simple model, we will 

be able to estimate values for these parameters and identify the relative importance of diffusion vs 

efflux pump in the accumulation of macrolide antibiotics. antibiotics which would enable us to 

predict intracellular steady-state concentrations in other conditions. Though not explored in this 

work, the steady-state concentration that is ultimately reached inside the cell has an interesting 

relation to MIC. It would be of interest to see if there is either a threshold of intracellular 

concentration or if the area under the curve is more predictive of the point at which the antibiotic 

overwhelms the cell and how the kinetics of slow versus fast uptake affects this. 

 In conclusion, this work demonstrates the power of integrating microfluidics and BCP 

together. By visualizing the uptake of antibiotics in the outer membrane and efflux mutants, we 

can isolate the contributions of the innate systems that Gram-negative bacteria such as E.coli utilize 

to resist antimicrobial actions. The application of this technique also provided data to understand 

the mechanistic function of bicarbonate in the sensitization of bacteria to antibiotics at the single 

cell level. This tool can be applied in the future to study the uptake of other fluorescent antibiotics, 

such as trimethoprim or ciprofloxacin [31-33, 51], that bypass the outer membrane via OMPs and 

other active transport mechanisms.      
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2.7 Figures 

 

 

Figure 2.1 Different E. coli strains treated with fluorescently labeled antibiotics show 

differences in their accumulation rate. Wild-type = MC4100, ΔtolC = efflux mutant, lptD4213 

= OM mutant.   (A, B) Quantification of NBD intensity over time during treatment at 2X MIC of 

the AD3643 strain for each antibiotic, NBD-Azm (4 ug/mL) and NBD-Rox (16 ug/mL), 

respectively. Error bars represent standard error of mean (SEM). (C,D) Phase and (E,F) 

fluorescence microscopy images of cells at different timepoints during treatment with antibiotics. 

Scale bar represents 2 μm.  

  



 

37 

 

 

Figure 2.2 The membrane-active peptide PMBN alters accumulation of fluorescent 

macrolides at sub-MIC levels in E. coli WT MC4100. Conditions were as follows: (A, C, E) 

WT MC4100: NBD-Azm = 8 ug/mL with 32 ug/mL PMBN, (C, B, F) NBD-Rox = 32 ug/mL with 

8 ug/mL PMBN. (A, B) Quantification of NBD intensity over time. (C, D) Phase and (E, F) 

fluorescent microscopy images of cells at different timepoints during treatment with antibiotics. 

Scale bar represents 2 μm. 
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Figure 2.3 Growth in bicarbonate containing media increases fluorescent azithromycin 

accumulation in E. coli MC4100 or MRSA LAC compared to non-bicarbonate containing 

media. MC4100 treated with 32 ug/mL NBD-Azm and LAC treated with 3.2 ug/mL NBD-Azm, 

1X relative MICs in LB. (A, B) Quantification of NBD intensity over time. Error bars represent 

SEM. (C, D) Phase and (E, F) fluorescent microscopy images of cells at different timepoints during 

treatment with antibiotics. Scale bar represents 2 μm. 
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Figure 2.4 Trend lines of linear portions of uptake curves for all experimental conditions. (A, 

B) Wild-type compared to genetic mutants with respective fluorescent antibiotics, NBD-

azithromycin (NBD-Azm) and NBD-roxithromycin (NBD-Rox), (C, D) Synergy with polymyxin 

B nonapeptide PMBN, (E, F) MC4100 and MRSA LAC with NBD-Azm in different media 

conditions.   
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2.8 Tables 

 
Table 2.1 Minimum inhibitory concentration (MIC) of fluorescent antibiotics in 

experimental conditions. Concentrations of all compounds are in μg/mL and represent 

biological replicates.  

 

E. coli MC4100 -  genetic backgrounds  

  wild-type ΔtolC lptD4213 

NBD-Azm 32 2 0.5 

NBD-Rox >64 8 1 

PMBN >64 >64 >64 

E. coli MC4100 - AMP 

  - PMBN (+ PMBN) 

lptD4213 + 

PMBN 

NBD-Azm 32 8 + 16 no synergy 

NBD-Rox >64 8 + 32 -- 

E. coli MC4100 -  various media types 

  LB+HCO3 R10LB  CAMHB 

NBD-Azm 4 4 >32 

NBD-Rox 64 32 >64 

MRSA LAC – NBD-Azm  

LB LB+HCO3 R10LB  CAMHB 

3.2 0.06 0.05 6.4 
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CHAPTER 3: 

Using bacterial cytological profiling to uncover interplay between Pseudomonas aeruginosa 

jumbo phages and antibiotic treatment 
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3.1 Abstract 

Due to the rise of resistance to almost all available antibiotics, phage therapy has been 

touted as a promising alternative to antibiotic treatment of infection by the ESKAPEE pathogens. 

In this chapter, we investigated the interplay between antibiotic treatment against Pseudomonas 

aeruginosa and the ability of jumbo phage φKZ to establish an infection, replicate DNA, and 

position the phage nucleus at midcell- three key events of this phage’s life cycle. With the 

fluorescence microscopy technique Bacterial Cytological Profiling, we observed mechanism of 

action specific differences between antibiotics and φKZ replication. Antibiotics that block 

translation dramatically inhibit phage DNA replication, while  cell wall active antibiotics 

(mecillinam) either had no effect on the establishment of infection or appeared to slightly but 

significantly increase phage infection rates (ceftazidime). Treatment with antibiotics that increase 

host cell length (ceftazidime, piperacillin) prevented the PhuZ spindle from properly centering the 

phage nucleus at midcell. We developed a computational model that explains how the dynamic 

properties of the PhuZ spindle lead to phage nucleus centering and why some antibiotics affect 

nucleus positions while others do not.  These findings provide a cornerstone in understanding the 

molecular mechanisms underlying the synergy between antibiotics and phage therapy that can 

influence a clinician’s choice of antibiotic treatment in cases where phage therapy may become 

required.  

3.2 Introduction 

Pseudomonas aeruginosa has the largest genome of the ESKAPEE group of pathogens and 

its genetic complexity is thought to contribute to its phenotypic plasticity in diverse environments, 

which allows it to thrive in soil as well as in humans [1, 2]. According to the Centers for Disease 

Control and Prevention, P. aeruginosa is the causative agent of approximately 33,000 healthcare-
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associated infections in the United States alone [3]. In addition to its’ intrinsic resistance 

mechanisms, P. aeruginosa can form biofilms, especially in the lungs of patients with cystic 

fibrosis or on surgical implants, which can complicate successful antibiotic treatment. These 

factors make potential phage therapy for P. aeruginosa infections in lieu of antimicrobials 

particularly appealing. 

The beginnings of phage therapy can be tracked to Felix D’Herelle in the early 1920s using 

phage to clear chickens of the pathogen Salmonella gallinarum and then humans of infections 

caused by Shigella dysenteriae [4]. Not much was known about bacteriophage biology at the time, 

and despite widespread usage by the former Soviet Union during World War II, phage therapy was 

quickly forgotten due to the world’s excitement for the newly discovered antibiotics [4, 5]. Modern 

phage therapy is still in its nascent stages, despite the large push towards using bacteriophages as 

alternatives to the dwindling supply of antibiotics. In the last few years, there has been more 

reported successful uses of phage therapy against multi-drug resistant infections caused 

Acinetobacter baumannii and Mycobacterium abscessus [6-8].  

Because phage therapy is more often considered a treatment of last resort, patients are most 

likely already receiving one or more antibiotics despite their lack of efficacy in clearing the 

infection. This highlights the necessity for understanding how antibiotics and phages interact with 

each other. The term phage-antibiotic synergy (PAS) was first used by Comeau et al. in 2007 where 

they observed increased phage plaque sizes during co-treatment and infection of Escherichia coli 

with β-lactam antibiotics and lytic phage ΦMFP [9]. Since then, PAS has been demonstrated in a 

variety of species, including P. aeruginosa and other members of the ESKAPE pathogens [10-16].  

Synergistic interactions are not observed for each combination of antibiotic treatment and phage, 

however, and the underlying mechanisms behind PAS are still unclear.  
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In the age of rampant multi-drug resistance, choosing what antibiotic to use to treat any 

infection, especially one caused by P. aeruginosa, requires several considerations. This includes, 

but is not limited to, location of infection, the likelihood of acquired resistance to an  antimicrobial 

agent, and monotherapy versus combination therapy of two or more drugs. For example, β-lactam-

containing antibiotics, like piperacillin and ceftazidime, are commonly used to treat P. aeruginosa 

infections, often in combination with either β-lactamase inhibitors or aminoglycosides such as 

gentamicin [17]. The fluoroquinolone ciprofloxacin, which inhibits DNA replication, is another 

drug of choice to treat infections causes by Pseudomonas species [18], although use of DNA 

damaging compounds, including ciprofloxacin, has been associated with increased rates of 

resistant mutations [19].  Analogous considerations are required when selecting candidate viruses 

for phage therapy, such as confirming their host range, lack of toxin-producing genes, obligate 

lytic lifecycle, and determining the number of phage to use during treatment [20].  

Jumbo phages are classified as tailed phages containing genomes larger than 200 kbp [21], 

which dwarves the well-studied Escherichia coli Lambda phage which has a genome of around 50 

kbp [22]. Several jumbo phages that infect P. aeruginosa have been isolated, including the 

bacteriophage φKZ whose genome was first described by Mesyanzhinov et al. in 2002 [23].  Our 

lab has studied φKZ and related phages and discovered a novel replication strategy that involves 

the formation of a proteinaceous shell around replication phage DNA, “phage nucleus”, that is 

centered in the P. aeruginosa host cell by the phage-encoded tubulin PhuZ. Immediately after 

DNA injection, PhuZ assembles polymers at each end of the cell to establish a bipolar spindle.  

Filaments of the spindle use the force generated by polymerization to push the phage nucleus 

towards midcell. Later during the infection cycle, PhuZ filaments deliver capsids to the phage 

nucleus, where they dock to initiate DNA packaging.  The PhuZ spindle is rotated within the cell, 
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which allows capsids to be evenly distributed over its surface. [24-27]. After DNA packaging, 

capsids assemble with tails and the cell lyses to release progeny phage.  

Jumbo phages can be utilized for phage therapy, as shown for phage OMKO1 against a P. 

aeruginosa infection in an aortic graft [28]. It is interesting to note that OMKO1 utilizes the outer 

membrane protein M, a subunit of the MexAB and MexXY efflux pump systems, as its receptor 

for infection. As the bacteria evolves resistance to OMKO1, it experiences an evolutionary trade-

off and becomes more susceptible to antibiotics [29]. 

In this study, we used bacterial cytological profiling to look at interactions between the 

jumbo phage ФKZ and commonly used antibiotics for treatment of P. aeruginosa infections.  .  

We study phage-antibiotic interactions using Bacterial Cytological Profiling (BCP), a fluorescence 

microscopy tool that classifies the mechanism of action (MOA) of an antibiotic based on 

cytological changes of the bacterial cell, such as cell wall or DNA morphology, during treatment  

[30-35]. The benefit of BCP over previous methods to study PAS is the ability to observe 

phenotypic changes in both phage infection and cytological shifts due to antibiotics at the single 

cell level.  

3.3 Materials and Methods  

Bacterial strains, growth, bacteriophage preparation, and antibiotics  

Pseudomonas aeruginosa strains PAO1 and K2733 (PAO1ΔmexB, ΔmexX, ΔmexCD-

oprJ, ΔmexEF-oprN) was used in this study. The bacteria were grown in LB, with gentamicin for 

selection when necessary, at 37oC for all experiments. Preparations of antibiotics were performed 

according to the manufacturer’s recommendations. Jumbo phage φKZ lysate was prepared by 

adding 5 mL phage lysate and 100 mL fresh LB to 50 mL saturated ON culture of P. aeruginosa 

PAO1 and incubating at 37oC for at least 5 hours, or until visible clearance of culture. Cultures 
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were centrifuged at 4000 rpm for 15 min and the supernatant filtered to remove bacterial cell 

debris. Titers were performed and the phage lysate was stored at 4oC until use.   

Minimal inhibitory concentration (MICs) Assays 

MICs for all antibiotics, shown in Table 3.1, were determined using the broth 

microdilution method (16). In brief, overnight cultures of P. aeruginosa K2733 were diluted 1:100 

in fresh LB and allowed to grow at 37oC with rolling until they reached an optical density at 600 

(OD600) of ~0.2, or early exponential phase. The bacterial culture was diluted to OD600 ~ 0.05, and 

then diluted 1:100 into the appropriate wells of a 96-well plate containing serially diluted 

antibiotics. MICs were determined by OD600 readings after incubation at 37oC with shaking for 

18-4 hours.  

Fluorescence microscopy  

Overnight cultures of P. aeruginosa K2733 were diluted 1:100 into fresh LB, with 

appropriate arabinose concentrations when required, and allowed to grow at 37oC with rolling until 

they reached an OD600 ~0.12 – 0.15. 400 uL culture was then added to cultures tubes containing 

1X, 2X, or 5X MIC of each antibiotic and incubated at 37oC with rolling for one hour, for antibiotic 

only controls, or 30 minutes, for subsequent phage infection. Lysate of the jumbo phage was then 

added to cultures, at a multiplicity of infection (MOI) of 5, before incubation at 37oC with rolling 

for an additional 30 minutes. Uninfected and untreated controls were done each experimental day. 

After infection, 4 uL culture was added to 4 uL dye mix containing 100 ug/mL FM4-64 and spotted 

onto pad slides containing 1.2% agarose in 20% LB with 0.2 ug/mL DAPI for microscopy.  

Microscopy was performed as previously described [30], with slight modifications. Excitation and 

emission settings were kept consistent for all replicate experiments.  
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Quantitation and statistical analysis of phage infection 

φKZ infection, defined as a distinct phage nucleus or the presence of a distinct phage DNA 

puncta upon injection within the host cell, was quantified manually using FIJI (ImageJ 1.51w). All 

microscopy experiments were performed in biological triplicate. Statistical analysis was conducted 

in GraphPad Prism 8.4.3. One-way ANOVA followed by Dunnett’s multiple comparisons test was 

used to determine significance differences between the untreated infected control and the treatment 

conditions. Statistical significance was defined as a p value of < 0.05. In quantitation graphs, p 

values indicated as follows: * ≤ 0.050, – 0.0100, ** ≤ 0.0100 – 0.0010, *** ≤ .0010 – 0.0001, **** 

< 0.0001.  

Stochastic modeling of PhuZ filaments 

A 1D model of PhuZ filament movement was created by considering the net movement of 

a filament’s position to be a balance between polymerization, depolymerization and catastrophe. 

A simple equation to describe this movement in the positive direction is given as: 

𝑑𝑥

𝑑𝑡
= 𝑣𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 −  𝑣𝑑𝑒𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 −  𝑣𝑐𝑎𝑡𝑎𝑠𝑡𝑟𝑜𝑝ℎ𝑒 

The speed of polymerization, depolymerization and catastrophic depolymerization can both be 

sampled from a Gaussian distribution determined by the mean and standard deviation of 

parameters based on previous measurements and publications [25] as well as parameter 

optimizations to measured data.  

The model consists of two filaments with initial positions at x = 0, Lc, where Lc is the cell 

length and was run with a timestep of 0.01 seconds. All parameters related to movement of 

filaments get sampled from a Gaussian distribution and positions are updated if the random time 

sampling associated with their movement has passed. Catastrophe occurs after a given time, which 

is again sampled from a Gaussian distribution, after which time the speed of catastrophic 
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depolymerization becomes non-zero. Simultaneous to the occurance of catastrophe, a recovery 

time is generated which determines when catastrophic depolymerization again becomes zero. The 

position of the nucleus is initially set at 90% of the cell length and moves either by random 

diffusion for a sphere with a Stokes radius of 1 μm or by collisions with growing filaments. If a 

filament would move beyond the boundary of the phage nucleus in a given timestep, the nucleus 

position is pushed by an equal amount to prevent clipping. However, if the filament from the 

opposite pole is pushed to the boundary of the phage nucleus when this would occur, no movement 

from either nucleus or filaments takes place. In this condition, movement can only occur after 

catastrophe induces rapid depolymerization of a filament away from the nucleus. 

Certain parameter means and standard deviations such as polymerization rate were 

obtained from previous measurements and publications [25]. Other parameters were estimated 

through an optimization scheme that minimized the root mean squared distance (RMSD) between 

the measured probability distribution of phage nuclei positioning in untreated, infected cells and 

the modeled. Initially, parameters were randomly mutated and RMSD was calculated. Using these 

initial points, the partial derivatives of RMSD with respect to each parameter are estimated and 

the next randomizations of each parameter are calculated until RMSD is minimized. 

Surface plots were generated by linear interpolation between 200 points for any two 

parameters in order to visualize the RMSD parameter space (Supplemental Figure 3.1). The 

surface plot of polymerization rate vs depolymerization rate illustrates several interesting points 

about the model. Because RMSD is a measure of nuclei positions at the endpoints, it does not 

include any kinetic data from the model. This can be seen in the line of low RMSD (blue) which 

implies that any combination of polymerization rate and depolymerization rate that matches a 
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certain net growth would produce similar results. This problem is avoided by having measured 

data for several parameters which helps constrain the parameter space.  

3.4 Results  

Treatment of P. aeruginosa with various antibiotics leads to MOA-dependent morphological 

changes  

 BCP can be used identify MOA at the biosynthetic pathway level [30]. In preparation for 

using BCP to observe antibiotic-phage combinations in P. aeruginosa, we first collected a set of 

control profiles for antibiotics commonly used to treat P. aeruginosa infections. P. aeruginosa 

K2733 was grown in 1X, 2X, or 5X MIC of the antibiotics of interested for one hour prior to 

visualization using fluorescence microscopy. We found that treatment of P. aeruginosa with 

antibiotics targeting different pathways led to distinct cytological changes as expected. For 

example, treatment with 5X the MIC of the DNA synthesis inhibitors ciprofloxacin (CIP), 

daunorubicin (DAUN), or mitomycin C (MITO C),  we observe aberrant DNA morphology 

compared to untreated controls, including improper chromosome segregation during cell division 

(Figure 3.1A). Treatment with the RNA synthesis inhibitor rifampicin (RIF) in E. coli leads to 

diffuse DNA within the cell [30], however P. aeruginosa typically has diffuse DNA in the absence 

of antibiotic treatment so this distinguishable cytological feature is unclear (Figure 3.1A). 

 Treatment with the protein synthesis inhibitors chloramphenicol (CAM), gentamicin 

(GENT), or tetracycline (TET) lead to increased cell death and condensation of the DNA compared 

to untreated controls (Figure 3.1B). Inhibition of cell wall synthesis by ceftazidime (CEFT) or 

piperacillin (PIP) lead to elongation of the cell, whereas treatment with meropenem (MERO) 

increased cell length and caused bulge formation at mid-cell (Figure 3.1C). Treatment with 

mecillinam (MEC) causes a rod-to-football morphology change at any concentration (Figure 
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3.1C). This work confirms that P. aeruginosa also undergoes specific and differential cytological 

changes dependent on an antibiotic’s MOA.     

Treatment with DNA or RNA synthesis inhibitors leads to differential interactions with φKZ 

related to their specific MOA  

 To understand the effect of antibiotic treatment on φKZ replication, we began by testing 

the DNA synthesis inhibitors and the transcription inhibitor RIF. We treated K2733 with 

increasing concentrations of these antibiotics for 30 minutes, and the infected with φKZ at a MOI 

of ~ 5 for an additional 30 minutes before imaging. Treatment with CIP, which targets DNA-

topoisomerases thus preventing proper chromosome maintenance [36] or the antineoplastic 

antibiotic MITO C, which alkylates and cross-links complementary strands of DNA [37], had no 

significant effect on phage infection (Figure 3.2A). For both antibiotics, the percentage of infected 

cells were approximately comparable to the untreated controls (Figure 3.2A).  The RNA synthesis 

inhibitor RIF also had no significant effect on phage replication. Note that the  slight decrease of 

phage infection at 5X MIC was not statistically significant (Figure 3.2A). The absence of a strong 

effect with RIF is expected, since replication of φKZ encodes its own rifampicin resistant RNA 

polymerases and its replication has been shown to be independent of host RNA polymerase [23, 

38].  In comparison, treatment with the antineoplastic antibiotic DAUN, which is capable of 

intercalating into DNA, significantly lowers φKZ infection at all concentrations (Figure 3.2A).  

The strong effect of DAUN is consistent with work by Kronheim et al. showing that DNA 

intercalation agents are potent anti-phage compounds [39]. 
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Treatment with protein synthesis-targeting antibiotics causes a dose-dependent decrease in 

φKZ infection 

 We next examined the effect of protein synthesis inhibitors on phage replication using the 

same experimental scheme of antibiotic treatment for 30 minutes followed by phage infection for 

an additional 30 minutes. The protein synthesis inhibitor CAM binds to the 50S subunit of the 

bacterial ribosome and blocks the elongation of the growing peptide chain while TET blocks tRNA 

binding to the ribosome. Both CAM and TET treatment led to a dose-dependent decrease in φKZ 

infection compared to untreated controls (Figure 3.3A). Additionally, the phage nucleus during 

treatment with 2X MIC CAM or 2X MIC TET was noticeably smaller than untreated infected 

controls. Treatment with the aminoglycoside GENT and TET also prevented phage infection in a 

dose-dependent manner, with no effect at 1X MIC, a two-fold reduction at 2X MIC, and strong 

inhibition at 5X MIC (Figure 3.3A). One observation in GENT treated cells at 2X MIC is that the 

phage nucleus had mispositioned nuclei compared to untreated infected controls (Figure 3.3B).  

Thus, all protein synthesis inhibitors appear to strongly inhibit phage replication, likely by 

preventing the expression of early proteins need for DNA replication and phage nucleus formation.   

To determine if we could partially rescue phage replication, we expressed two early phage 

proteins (gp54 – which makes up the nuclear shell, Figure 3.9B, and the  PhuZ  tubulin, Figure 

3.9C [26, 27]) via arabinose induction prior to CAM 5X treatment.  However, we found that 

expressing these two proteins before infection did not rescue of infection (Figure 3.9B, C, white 

arrows). Additionally, we tested if the CAM-mediated stall of φKZ infection was reversible.  Cells 

were preteated with CAM 5X for 30 minutes, and then infected with phage.  After one additional 

hour, all phage infections were arrested at the earliest step of DNA injection.  We then removed 



 

56 

 

CAM by washing out the antibiotic using fresh LB (Figure 3.9D) and found that phage replication 

resumed normally.   

Treatment with cell wall synthesis inhibitors lead to increase in φKZ infection 

 It has been previously shown that the β-lactam antibiotics CEFT and PIP have synergistic 

effects with KPP22 phage infection against P. aeruginosa  [15]. We also observed synergy with 

the jumbo phage φKZ in the presence of the cell wall synthesis inhibitors CEFT, MERO, and PIP 

(Figure 3.3A).  For all concentrations with the cell wall synthesis inhibitors CEFT, PIP, or MERO, 

the percentage of infected cells were 1.5 – 2X higher than the untreated controls (Figure 3.4A). 

All three antibiotics prevent cell division by inhibiting the penicillin-binding proteins that catalyze 

peptidoglycan cross-linking [18], which phenotypically presents as elongated cells (Figure 3.4B). 

In comparison, MEC specifically binds to PBP2 [40] causing transition of P. aeruginosa from rods 

to oval-shaped cells (Figure 3.1C, 3.4B) and had comparable levels of φKZ infection at all 

concentrations relative to untreated infected control (Figure 3.4A).   

Injection of φKZ DNA during early infection of P. aeruginosa occurs primarily at the poles 

of the host cell 

  Since treatment with CEFT, PIP, or MERO lead to both elongated cells and increased 

infection rates (Figure 3.1C, 3.3B), we hypothesized that increased infection is correlated with 

increased host cell length due to the increased likelihood of cell-phage interactions in the culture. 

In order to test this, we visualized CEFT, MEC, or CIP treated cells after incubation with φKZ for 

only 5 minutes, in order to more accurately quantitate the initial rate of infection. For all 

concentrations of MEC or CIP, the percentage of early infected cells were slightly lower than or 

comparable to the untreated controls (Figure 3.5B). In comparison, treatment with CEFT at 2X 
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and 5X MIC showed increased percentage of early infected cells, about 1.5X that of the untreated 

controls (Figure 3.5B).  

 This data suggests that increased cell length is correlated with increased phage infection.  

We imagine two models by which CEFT treatment could lead to increased infections.  In the first 

model, increased cell length alone may contribute to increased phage binding by providing 

additional surface area for initial contact. However, it is important to note that the phage DNA is 

injected preferentially at the poles of P. aeruginosa host cell (Figure 3.5C, D).  Therefore, for this 

model to make sense, we would need to postulate that phage make initial weak contact with 

Pseudomonas along the sides of the cells, and then diffuse along it until they reach a high affinity 

receptor located at the cell pole that allows for the injection of DNA.  This model is similar to one 

previously proposed for phage lambda, where it is thought to initially form weak interaction with 

the cell surface, diffusing along the surface of the cell until engaging its receptor LamB and 

injecting DNA [41, 42].   

Alternatively, it’s possible that the CEFT and other cell wall antibiotics that promote 

infection alter the cell surface by interfering with peptidoglycan synthesis in a way that leads to 

increased exposure of phage receptors, which would promote increased phage binding.  One 

experiment that may be performed in the future to potentially distinguish between these two 

possibilities will be to create cells that are elongated without using an antibiotic to inhibit cell wall  

synthesis and then measure phage infection rates. For example, we can create elongated P. 

aeurginsoa cells by expressing SulA, an inhibitor of FtsZ formation, from a plasmid.  If elongated 

cells formed by directly inhibiting FtsZ also show increased infection rates, that suggests cell 

length alone is likely sufficient for increased infectivity.   
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Phage-encoded tubulin PhuZ exhibits altered dynamics during co-treatment with 

ceftazidime and φKZ infection  

A key function of the PhuZ spindle encoded by φKZ and related jumbo phages is to 

position the phage nucleus at the center of the cell [25-27, 43]. Without antibiotic treatment, the 

phage nucleus was positioned closely to the center of the host cell (Figure 3.6A). However, during 

treatment with the cell wall synthesis inhibitors such as CEFT or PIP, the position of the phage 

nucleus becomes increasingly off-centered compared to untreated controls as the length of the cell 

increased (Figure 3.4C). In cases where the host cell was elongated due to antibiotic treatment, 

there were greater instances of mispositioning of the phage nucleus away from mid-cell (Figure 

3.6B, C).   

To determine if treatment with these antibiotics prevented spindle assembly, we treated P. 

aeruginosa expressing a low level GFP-fused PhuZ protein [26] with increasing concentrations of 

CEFT, MEC, or CIP prior to infection with φKZ (Figure 3.7). In the untreated infected condition, 

the PhuZ spindle forms at both poles of the cells, attaching to the phage nucleus to position the 

nucleus at approximately mid cell (Figure 3.7A). During treatment with CEFT and CIP, filaments 

formed in the elongated cells, with one PhuZ filament extending from the far pole of the cell and 

the other maintaining similar length to the untreated condition (Figure 3.7B, C). In comparison, 

for all concentrations of MEC, no mispositioning of the nucleus or asymmetrical PhuZ filaments 

occur (Figure 3.7C). In both the properly positioned and mispositioned nuclei, PhuZ filaments 

appeared to be assemble. Therefore, nucleus mispositioning was not due to the inability of the 

spindle to form.   
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Stochastic modeling of PhuZ filaments  

Why, then, is the nucleus mispositioned? To address this question we developed a 

computational to understand how PhuZ filaments are able to center the nucleus in a wild type cell 

and how perturbing cell length might influence centering. Previous work in our lab demonstrated 

that DNA objects can be centered in anisotropic cells when the rates of filament polymerization 

and depolymerization matched to a specific range of cell lengths [24, 43]. Therefore a 1D 

stochastic model of PhuZ filaments was created to see if cell length changes could explain the 

various changes to phage nucleus positioning observed across different antibiotic treatments. 

Visualizations of filament and nucleus positions can be seen (Figure 3.8A, B) as modeled over 30 

minutes. Sampling cell length from a Gaussian distribution given by the mean and standard 

deviations of various treatment conditions shows a good fit to measured nuclei position 

distributions indicating that cell length could be the determining factor in nucleus mispositioning 

(Figure 3.8C). To illustrate this further, a comparison of measured nuclei positions against cell 

length (Figure 3.8D) with modeled distributions in which cell lengths were maintained constant 

(Figure 3.8E) was performed. The degree of agreement between measured and modeled data 

indicates the major role that cell length plays in phage nucleus positioning. These results suggest 

that the phage co-evolved with the host cell to optimize the rates of PhuZ polymerization and 

depolymerization in such a way as to properly center the phage nucleus. During treatments that 

lead to aberrant cell length, the spindle properties do not adapt, leading to mispositioning of the 

phage nucleus. 

3.5 Discussion 

Using BCP we can visualize interactions between phages and antibiotics during infection 

which allows us to generate potential mechanistic explanations for the observed differences in the 
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infection rates. In this chapter, we highlighted the observation that cell wall active antibiotics that 

lead to longer cells, such as CEFT, MERO, and PIP, had higher percentages of infected cells 

compared to treatment with MEC and CIP, and to the untreated controls (Figure  3.2, 3.4). We 

found that the increase in cell length was correlated to increased phage infection due to higher 

levels of initial phage binding and injection of DNA, which seems to preferentially occur at the 

poles of the host cell (Figure 3.5). 

Based on computational modeling, we determined that the elongation of P. aeruginosa 

cells is likely the main factor that  contributes to the observed mislocalization of the phage nucleus 

away from mid-cell (Figure 3.6, 3.7, 3.8).  The ability to find the cell midpoint is a critical feature 

that is essential among diverse biological systems. Many rod-shaped bacteria, for example, divide 

precisely in the middle of the cell, after the cell has reached twice its length.  In E.coli and many 

other bacteria, the Min system is responsible for positioning the FtsZ ring at the cell center [44], 

although despite three decades of study, the mechanisms by which it does so is still not fully 

understood.  Here we have described a phage encoded tubulin-based system that can position 

replicating phage DNA within a protein shell, in this case the phage nucleus.  Our computation 

model correctly predicts DNA centering under normal conditions and when cell length is strongly 

affected by the antibiotics, suggesting that we understand the molecular basis for PhuZ spindle 

centering  in bacteria. 

It is important to note that the synergistic effects between phage infection and antibiotic 

treatment with cell wall targeting compounds in these experiments were observed for only a single 

round of infections. In other research studies, such as Uchiyama et al., the phage was allowed to 

infect over multiple generations and the presence of PAS was determined by increase in the size 

of the phage plaque compared to untreated controls [15]. It is difficult to use plaque size as a 



 

61 

 

quantification method for jumbo phage infection due to the reduced ability of these larger phage 

to diffuse through top agar. In this study, we observed that in cases where the length of the host 

cell is greatly increased, such as during treatment with CEFT and PIP (Figure 3.4), the size of the 

phage nucleus is also increased (Figure 3.9), which suggest the possibility of a greater number of 

progeny. We hypothesize that the size of the phage nucleus is usually constrained by the host cell 

width and that the destabilization of the cell wall caused by CEFT or PIP treatment allow for larger 

phage nuclei. Therefore, if we allowed φKZ to infect over multiple generations, we would expect 

to see enhanced synergy due to both the increased likelihood of phage attachment due to host cell 

length (Figure 3.5), and increased phage progeny due to larger phage nuclei (Figure 3.9).      

Beyond the mechanisms underlying cell wall antibiotic synergy with φKZ, this study 

brought to light other interesting phenomena relating to PAS. For example, φKZ and its related 

phages form a proteinaceous shell around their DNA during replication [27] and compartmentalize 

their biosynthetic functions in which DNA and RNA synthesis occur within the phage nucleus 

whereas protein synthesis occurs in the host cytoplasm [26, 27]. The observed differences in phage 

infection during treatment with ciprofloxacin (CIP) compared to daunorubicin (DAUN) (Figure 

3.2A) could be due to inability of CIP to pass through the shell, while the intercalation of the host 

DNA is upstream of phage infection essentially preventing any infection at all.  

Treatment of P. aeruginosa with RIF showed very little effect  on φKZ infection relative 

to the untreated infected controls, with a slight but statistically insignificant  decrease in infection 

levels at 5X MIC (Figure 3.2A). Ceyessens et al. have previously shown that these jumbo phages 

do not require the use of host RNA polymerases and that the φKZ genome encodes two RNA 

polymerases that lend resistance against the antibacterial activity of RIF [38]. Another observation 

we made is that treatment with the protein synthesis inhibitor CAM at 5X MIC reversibly stalls 
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the process of infection after the phage DNA is injected into the cell (Figure 3.10A, white arrows). 

These experiments demonstrate that we CAM may be a useful tool to study early infection in future 

studies.   

In conclusion, BCP provides an excellent platform in which to observe the interplay of 

antibiotic treatment and phage infection at the single-cell level. This work highlights how specific 

differences in MOA can have varying impacts on the progression of phage infection, such as the 

impact on nucleus centering by the phage spindle during treatment with cell wall antibiotics and 

the interruption of proper phage infection during treatment with protein synthesis inhibitors. 

Additionally, this study raises some interesting follow up questions related to understanding how 

jumbo phages infect their hosts and how antibiotics can be used to alter specific phenotypes 

associated with phage infection.   
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3.7 Figures 
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Figure 3.1  Treatment of P. aeruginosa K2733 with various antibiotics leads to differential 

morphology based on MOA. Cell membrane strained with FM4-64 (red) and DNA stained with 

DAPI (blue). Scale bar represents 2 μm. Microscopy of treated infected samples  DNA synthesis 

inhibitors, ciprofloxacin (CIP), daunorubicin (DAUN), and mitomycin C (MITO C). RNA 

synthesis inhibitor, rifampicin (RIF).  (B) Microscopy of treated infected samples: Chloramphincol 

(CAM), gentamicin (GENT), and tetracycline (TET). (C) Microscopy of treated infected samples: 

Ceftazidime (CEFT), mecillinam (MEC), meropenem (MERO), and piperacillin (PIP). 
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Figure 3.2 Treatment of P. aeruginosa K2733 with antibiotics that target either DNA or RNA 

synthesis followed by infection with φKZ. (A) Quantification of phage infection under treatment 

conditions, relative to the untreated infected control. Error bars represent standard deviation of 

biological replicates. (B) Microscopy of uninfected and untreated infected controls, and (C) treated 

infected samples: DNA synthesis inhibitors, ciprofloxacin (CIP), daunorubicin (DAUN), and 

mitomycin C (MITO C). RNA synthesis inhibitor, rifampicin (RIF). Cell membrane strained with 

FM4-64 (red) and DNA stained with DAPI (blue). Scale bar represents 2 μm.  
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Figure 3.3 Treatment of P. aeruginosa K2733 with antibiotics that target protein synthesis 

followed by infection with φKZ. (A) Quantification of phage infection under treatment 

conditions, relative to the untreated infected control. Error bars represent standard deviation of 

biological replicates. (B) Microscopy of uninfected and untreated infected controls, and (C) treated 

infected samples: Chloramphincol (CAM), gentamicin (GENT), and tetracycline (TET). Cell 

membrane strained with FM4-64 (red) and DNA stained with DAPI (blue). Scale bar represents 2 

μm. 
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Figure 3.4 Treatment of P. aeruginosa K2733 with antibiotics that target cell wall synthesis 

followed by infection with φKZ. (A) Quantification of phage infection under treatment 

conditions, relative to the untreated infected control. Error bars represent standard deviation of 

biological replicates. (B) Microscopy of uninfected and untreated infected controls, and (C) treated 

infected samples: Ceftazidime (CEFT), mecillinam (MEC), meropenem (MERO), and piperacillin 

(PIP). Cell membrane strained with FM4-64 (red) and DNA stained with DAPI (blue). Scale bar 

represents 2 μm.  
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Figure 3.5 Treatment with CEFT increases early φKZ binding and infection. (A) Microscopy 

of uninfected and untreated infected controls, and (C) treated infected samples after 5 min 

infection. Cell membrane strained with FM4-64 (red) and DNA stained with DAPI (blue). Scale 

bar represents 2 μm. White arrows indicate phage DNA at early stages of infection, e.g. right after 

injection. (B) Quantification of early phage infection post-antibiotic treatment, relative to the 

untreated infected control. Error bars represent standard deviation of biological triplicates. (D) 

Histograms of early phage nucleus position across normalized P. aeruginosa host cell length. 

Untreated: n = 65, CEFT 5X: n = 73, MEC 5X: n = 65, CIP 5X: n = 68.     
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Figure 3.6 Increased cell length is correlated with increased phage nucleus mislocalization 

away from the center of the host cell. Histogram of nucleus position across normalized P. 

aeruginosa host cell length for (A) untreated infected control and for (B)  treated samples at 5X 

MIC. Scatterplots show nucleus position for across relative P. aeruginosa host cell length for (A) 

untreated infected control and for (C)  treated samples at 5X MIC. (D) Representative cell images 

of untreated infected controls, and treated infected samples. Cell membrane strained with FM4-64 

(red) and DNA stained with DAPI (blue). Scale bar represents 2 μm.  
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Figure 3.7 Antibiotic treatment leads to aberrant PhuZ filament and spindle dynamics. (A) 

Microscopy of uninfected and untreated infected controls. (B) Representative cell images of 

untreated infected controls, and CEFT treated infected samples at all concentrations. (C) 

Microscopy of treated infected samples. Cell membrane strained with FM4-64 (red) and DNA 

stained with DAPI (blue). GFP-PhuZ (green) under 0.1% arabinose induction. Scale bar represents 

2 μm. 
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Figure 3.8 Computational modeling of PhuZ dynamics under antibiotic treatment. (A) A 

single run of the model showing filament end positions in green and the position of the phage 

nucleus center in blue. The cell length was set at 3.5 μm and the simulation ran for 30 minutes. (B) 

Five overlapping traces of the model using parameters identical to (A) provide a visualization of 

the stochastic behavior of the model. (C) Histograms of phage nucleus position after 30 minutes 

has elapsed for both the model (solid line) and the measured data (dotted line). All model 

parameters were kept the same with the exception of cell length which was sampled from a normal 

distribution with mean and standard deviation given by each treatment condition. Measured 

positions of phage nucleus position plotted against cell length (D) resembles the distribution of 

phage nuclei positions predicted by modeling (E). 
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Figure 3.9 Increased cell length is correlated with increased phage nucleus area. (A) 

Scatterplot overlay of single cell phage nucleus size and host cell perimeter for all conditions of 

φKZ infection. (B) Scatterplots for each individual antibiotic treatments at all concentrations. 
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Figure 3.10 Supplemental expression of phage proteins does not rescue chloramphenicol 

(CAM)-mediated inhibition of φKZ infection. Microscopy of strains untreated or treated with 

CAM 5X MIC prior to infection with φKZ. (A) P. aeruginosa K2733 parental strain, (B) P. 

aeruginosa K2733 expressing mCherry-gp54 (φKZ nuclear shell protein, 0.025% arabinose 

inducation), (C) P.aeruginosa K2733 expressing GFP-PhuZ (φKZ tubulin, 0.5% arabinose 

induction). (D) Uninfected and infected cells after treatment with CAM 5X MIC and washout. 

DNA stained with DAPI (blue) and (A, C) Cell membrane strained with FM4-64 (red). Scale bar 

represents 2 μm. White arrows indicate injected phage DNA that has stalled infecti
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Supplemental Figure 3.1 Surface plots of root mean squared distance (RMSD) parameter 

spaces. RMSD between measured data and modeled results was used to optimize unknown 

parameters related to phuZ filament movement. Linear interpolation of 200 randomly sampled 

points for each parameter space allows for visualization of the relation between parameters. High 

RMSD (Yellow) is indicative of high deviation from measured data while low RMSD (Blue) 

indicates a good fit. Red dots indicate the values of parameters used in the final modeling. 
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3.8 Tables 

 
Table 3.1 Minimum inhibitory concentration (MIC) of antibiotics used in this study against 

P. aeruginosa K2733 (PAO1ΔmexB, ΔmexX, ΔmexCD-oprJ, ΔmexEF-oprN). Concentrations 

of all compounds shown in μg/mL and represent biological duplicates.  

 

DNA/RNA SYN   PROTEIN SYN   CELL WALL SYN   

CIP 0.013 CAM 1.6 CEFT 2 

DAUN 25.6 GENT 0.5 MEC 6.4 

MITO C 1.6 TET 0.4 MERO 0.1 

RIF 12.8     PIP 0.5 
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CHAPTER 4: 

Application of bacterial cytological profiling to study drug combinations against multi-drug 

resistant bacteria 
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4.1 Abstract 

  There has been an ongoing war between humans and pathogens since the first introduction 

of antibiotics into clinical use. Over the last century, there was been an increase in the number of 

multi-drug resistant (MDR) and extensively-drug resistant (XDR) bacteria, pressuring healthcare 

providers to turn to last-line therapies that are can be toxic to the patient.  Combination therapy 

has been proven empirically to clear MDR and XDR infections although the underlying 

mechanisms behinds these successful treatments is often unknown. Bacterial cytological profiling 

(BCP) , a fluorescence microscopy tool, can help illuminate the physiological responses of bacteria 

to antibiotics in combination. This chapter describes two published examples of using BCP to 

support studies investigating antimicrobial synergy against MDR bacteria Klebsiella pneumoniae 

and Acinetobacter baumannii.  

4.2 Introduction 

Understanding clinical efficacy is important for antimicrobial stewardship and mitigating 

unnecessary antibiotic usage. Recent research has suggested that the standard medium for 

susceptibility testing, cation-adjusted Mueller-Hinton broth (CA-MHB), may mask an antibiotic’s 

true potency when used in an infected patient. Additionally, during infection, a pathogen interacts 

with the host’s immune system, including cellular (ie. macrophages) and humoral (ie. 

antimicrobial peptide) responses [1-3]. Therefore, it is necessary to consider the host context when 

interpreting antibiotic susceptibility.  

Due to the rise of multi-drug resistant (MDR) bacteria and the inability to utilize one 

antibiotic to clear an infection, healthcare providers turn to using drug combinations to increase 

effectiveness of one or more of the therapeutic constituents [4]. These synergistic relationships are 

often enhanced in media conditions that mimic the host, such as the eukaryotic cell culture media. 



 

83 

 

The following sections are two specific examples of the application of the fluorescence microscopy 

technique, Bacterial Cytological Profiling, to study antimicrobial synergy in MDR pathogens 

during treatment in RPMI 1640. BCP provides unique insight into mechanistic explanations for 

observed synergy at the single cell level.  

As part of this dissertation, only the materials and methods, results, and discussion relating 

to BCP will be shown. The following work has been published in the Journal of Infectious Disease 

and EBioMedicine, respectively.  

The first example, published by Ulloa et al. in 2019, looks at the activity of avibactam 

(AVI) against a New Delhi metallo-β-lactamase (NDM) strain of Klebsiella pneumoniae. While 

AVI does not have direct bactericidal effects, it synergizes with and leads to increase binding of 

the antimicrobial peptide LL-37. Additionally, a morphological change and increased cell lysis 

was observed upon treatment of K. pneumoniae with non-β-lactam β-lactamase inhibitors (BLIs), 

such as zidebactam (ZID) or AVI, alone. These changes and cell death were not observed during 

treatment with the classic BLI tazobactam (TAZ), which contains the standard β-lactam ring [5].  

4.3 Avibactam sensitizes carbapenem-resistant NDM-1-producing Klebsiella pneumoniae to 

innate immune clearance [5] 

Material and Methods 

 Single colonies of NDM-1–producing K. pneumoniae were picked from LB plates and 

grown in LB overnight. Overnight cultures were diluted 1:100 in 5% LB–RPMI and grown to an 

OD600 of 0.20 prior to seeding in a 96-well plate with 100 μL of culture medium per well. The 

antibiotic was added to exponentially growing bacteria (OD600 of 0.20), placed in shaker 

at 37°C, and collected after 2 hours. TAMRA-tagged LL-37 was added, and cultures were 

incubated for an additional 30 minutes. Cultures were subsequently stained with 2 mg/L of Hoechst 
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(nucleic acid) and 0.5 μM of SYTOX Green (Life Technologies), and 6 μL was transferred onto a 

1.2% agarose pad containing 10% LB–20% RPMI, for microscopy. Imaging analyses were 

performed using FIJI (ImageJ-1.51 w) and CellProfiler 3.0. The microscopist was not blinded. 

Results – AVI induces morphologic changes and boosts LL-37-mediated membrane 

permeability in NDM-1 producing K. pneumoniae  

To gain insight into the mechanism of AVI and LL-37 synergy, we used fluorescence 

microscopy to examine cell morphology, LL-37 binding, and cell viability after 3 hours of 

monotherapy or combination therapy with LL-37 with or without AVI, ZID, or TAZ. In the 

presence of AVI or ZID, the normally rod-shaped NDM-1–producing K. pneumoniae became 

spherical (100%; n = 262 and n = 315, respectively; Figure 4.1A), an effect previously reported 

in E. coli secondary to PBP2 inhibition [6-8]. While TAZ (20 mg/L) binds PBP2 at high 

concentrations [9, 10], no morphologic change was observed in the presence of this BLI (Figure 

4.1A), which is expected to be hydrolyzed by NDM because of its underlying β-lactam structure. 

Despite a strong effect on cell shape, only 2.4% of cells (n = 262) treated with AVI alone and 0.5% 

(n = 315) treated with ZID alone became nonviable, similar to the percentage of nonviable cells 

(3.6%; n = 352) for LL-37 treatment alone (Figure 4.1B). In contrast, 19.3% of cells (n = 167) 

treated with AVI plus LL-37 were nonviable (Figure 4.1B). Similarly, 15% (n = 266) treated with 

ZID plus LL-37 were nonviable (Figure 4.1B). This synergistic increase in killing correlated with 

a proportional increase in LL-37 binding (Figure 4.1C); that is, AVI (4 mg/L) or ZID (4 mg/L) 

pretreatment of NDM-1–producing K. pneumoniae enhanced binding of TAMRA-tagged LL-37 

to the bacterial outer membrane by approximately 4-fold (Figure 4.1C), a phenotype not observed 

with TAZ (20 mg/L) pretreatment. Among cells that stained positive for LL-37, SYTOX Green 

permeability increased 2-fold with AVI or ZID cotreatment as compared to LL-37 alone or TAZ 
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plus LL-37 (Figure 4.1D). Overall, these studies suggest that BLIs that confer a rod-to-sphere 

morphologic change render NDM-1– producing K. pneumoniae more susceptible to LL-37 

binding, which subsequently increases the frequency of cell death. 

Discussion 

 While the precise molecular mechanism of this synergistic interaction remains to be 

discovered, subinhibitory concentrations of AVI appear to influence bacterial cell wall mechanics. 

AVI is a non–β-lactam BLI with no activity against NDMs. However, AVI binds selectively to 

PBP2 [11], an enzyme critical for maintaining the cellular morphology in gram-negative bacteria 

[6-8]. Microscopy demonstrated a K. pneumoniae morphologic transition from rod to sphere in the 

presence of AVI, reminiscent of morphologic changes in E. coli in the presence of mecillinam, a 

β-lactam that specifically inactivates PBP2 [6-8].Similar findings were seen in the presence of 

ZID, a non–β-lactam BLI with high-affinity binding to PBP2. High but pharmacologically 

attainable doses of TAZ, a β-lactam BLI known to bind PBP2 [9], did not result in K. pneumoniae 

rod-to-sphere transition, presumably because of its inability to withstand hydrolysis by K. 

pneumoniae BLIs. Unlike TAZ-treated cells, AVI- or ZID-treated cells demonstrated increased 

LL-37 binding, leading to widespread bacterial cell death, detected via a SYTOX Green viability 

assay. These findings parallel our timekill assay results, in which combination therapy with LL-

37 and AVI or ZID (but not TAZ) reduced bacterial growth to below the assay’s detection limit 

within 6 hours (data not shown in dissertation). Overall, our findings underscore a heretofore 

undescribed synergistic relationship between the innate immune system and diazabicyclooctane 

BLIs with high-affinity binding to PBP2, such as AVI and ZID. 
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4.4 Surprising synergy of dual translation inhibition vs. Acinetobacter baumannii and other 

multi-drug resistant bacterial pathogens [12] 

The second example of applying BCP to study antimicrobial synergy in MDR pathogens 

was published by Dillon et. al. in 2019 and examines the media-dependent synergistic activity of 

the protein synthesis inhibitors azithromycin (AZM) and minocycline (MIN) against A. baumannii. 

In CAMHB, MIN had a lower MIC than AZM. In contrast, during treatment of A. baumannii in 

RPMI 1640 supplemented with 10%LB, AZM had the lower MIC of the two. In either media, 

treatment of the cells with a combination of drugs lead to observation of toroidal DNA [12], 

characteristic of protein synthesis inhibition [13], which was absent during single treatment.  These 

experiments with single cells confirmed population studies based using CFU/ml data (not shown 

in this dissertation) and demonstrate that the presence of the two compounds results in synergistic 

inhibition of protein synthesis [12]. 

Material and Methods 

Fluorescence microscopy was performed as previously described [13] with modifications. 

In brief, AB5075 was grown in CA-MHB or RPMI+ at 37 °C to a starting OD600 ~0.13 and then 

treated with appropriate concentrations of MIN, AZM, or combination of both antibiotics for 2 h 

at 37 °C. After treatment, cells were stained with 10 μg/ml FM4-64, 4 μg/ml DAPI, and 0.5 μM 

SYTOX-Green. Samples were transferred to a glass slide containing an agarose pad (1.2% agarose 

in 20% CA-MHB or RPMI+) for microscopy. Image analysis was done using FIJI (ImageJ 1.51w). 

Results - Bacterial cytological profiling (BCP) demonstrates augmented translation 

inhibition in MDR A. baumannii upon AZM plus MIN cotreatment 

To further explore the synergistic interaction between AZM and MIN, we employed BCP, 

a powerful technique that uses quantitative fluorescence microscopy to identify disrupted bacterial 
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cellular pathways on a single cell level [13]. A characteristic signature of translation inhibition 

evident in BCP is formation of DNA toroids that arise due to changes in chromosome compaction 

when ribosome activity is disrupted7. In both CA-MHB and RPMI+, we identified drug 

concentrations in which neither AZM nor MIN inhibited MDR A. baumannii translation on their 

own, as confirmed by minimal toroid formation (Figure 4.2A, C). Extensive toroid formation was 

observed, however, when the two drugs were co-administered at these same concentrations 

(Figure 4.2A, C). In CA-MHB, visible toroids were seen in 2.2% of untreated A. baumannii cells, 

2.8% of cells treatment with 0.15 μg/ml MIN, 4.2% of cells treated with 96 μg/ml AZM, and 34.0% 

of cells treated with 0.15 μg/ml MIN + 96 μg/ml AZM (Figure 4.2B). In RPMI+, visible toroids 

were seen in 0.3% of untreated A. baumannii cells, 4.5% of cells treatment with 50 μg/ml MIN, 

2.5% of cells treated with 0.25 μg/ml AZM, and 27.2% of cells treated with 50 μg/ml MIN + 0.25 

μg/ml AZM (Figure 4.2D). 

Discussion  

Under ideal circumstances, antimicrobial therapy would sufficiently reduce bacterial 

burden at the end of therapy to reduce the likelihood of relapse and the emergence of drug 

resistance. Therapies with conditionally independent activity profiles are desirable because 

efficient bacterial killing in vivo typically requires eliminating the pathogen from multiple host 

microenvironments. On their own, both AZM and MIN displayed media-dependent conditional 

activity, a potential limiting trait for their use in monotherapy. However, AZM + MIN combination 

therapy complemented the intrinsic inhibition profile seen with either drug alone, yielding a 

conditionally-independent synergistic therapy with efficacy against MDR A. baumannii in 

laboratory culture and a murine pneumonia model. The synergistic drug combination promoted 
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enhanced translation inhibition kinetics, melding the fast-acting activity of MIN with the sustained 

inhibition of AZM to create a potent, long lasting, and efficacious antibiotic profile.  

The AZM+MIN drug-drug interaction appears to represent a parallel pathway interaction, 

when the two drugs, often each having suboptimal activity against the same primary target, 

combine their activities to more effectively inhibit a bacterial system or biochemical pathway [4, 

14, 15], in this case protein translation at the ribosome. Both drugs have associated deficiencies as 

monotherapy. AZM activity is notably delayed due to its slow release from tissues [16] and a low 

rate of association with ribosomes [17]. Compared to AZM, the therapeutic window for MIN is 

shorter (half-life ~ 12–16 h in humans) [18] and its bactericidal capacity has been brought into 

question [19, 20]. In combination, however, expedited MIN activity buys time for the slower 

acting, yet longer lasting, AZM-associated inhibition to occur. Furthermore, the media-dependent 

activity of each drug was complemented by the other, so that their synergistic activity was 

independent of media composition. And while we established parallel pathway synergy for MIN 

+ AZM in translation inhibition kinetics, an important caveat of our study is that we cannot exclude 

the possibility of additional mechanisms of synergy such as compounding downstream effects on 

a tertiary target, or one drug acting to improve the bioavailability of the other [4, 14, 15]. 

This study also highlights the benefit of investigating antibiotic activity in more than one 

medium condition to infer potential clinical efficacy and opportunities for synergistic therapy. 

Limitations of testing only the standard bacteriological medium (CA-MHB) have previously been 

illustrated [3, 21], testing in a more physiologic tissue culture-based medium was also not fully 

predicative of in vivo efficacy as MIN is active in the murine pneumonia model despite little to no 

activity in RPMI+. One important compositional difference between the two media we have 

highlighted is the presence of the physiological buffer bicarbonate anion (HCO3-) in RPMI. 



 

89 

 

HCO3- is an essential component of multiple biological processes in humans and its presence 

stimulates both transcriptional and translational changes in bacteria [22], impacting antibiotic 

activity against numerous species when added to CA-MHB [21]. Recent work has linked HCO3-

mediated effects on antibiotic activity to reductions in bacterial proton motive force [23]. While 

AZM activity is known to improve in response to a loss of protonmotive force, indicating that 

AZM is not actively imported [24], the entry of tetracyclines into the bacterial cell is an energy 

dependent process requiring active transport [25]. Enhanced macrolide activity against both 

Escherichia coli and Staphylococcus aureus have been reported in the presence of HCO3- due to 

the dissipation of the pH gradient required for a functioning proton motive force [21]. The loss of 

active transport renders the bacteria unable to export AZM leading to its intracellular 

accumulation, an effect which has previously been associated with enhanced AZM activity [3]. 

In summary, the therapeutic potential of AZM and MIN combination therapy warrants 

clinical study as the two drugs were found to interact synergistically against MDR A. baumannii 

in all conditions and models examined in this study. This benefit may extend to other MDR 

pathogens, in particular MDR K. pneumoniae and MRSA. A limitation of our study at present is 

that future work is required to explore if MIN synergy is also found with other macrolides. 

Nevertheless, as both AZM and MIN are already FDA approved, readily available for use, and 

familiar to clinicians, the potential for clinical trials to determine the efficacy of the combinatorial 

therapy for A. baumannii is immediately at hand. 
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4.6 Figures 

 

 
Figure 4.1 Treatment of New Delhi metallo-β-lactamase (NDM)-1–producing Klebsiella 

pneumoniae (KP) with sub–minimum inhibitory concentrations (MICs) of avibactam (AVI) 

or zidebactam (ZID) results in a rod-to-sphere morphologic change that increases the 

frequency of cell death only in the presence of LL-37. A–C, AVI (4 mg/L) or ZID (4 mg/L) 

induce a rod-to-coccus shape change (A) that, while nonlethal to the organism (B), results in 

increased binding of fluorescence-labeled LL-37 (8 μM) to the NDM-1–producing KP cell wall 

(C). D, Upon AVI (4 mg/L) or ZID (4 mg/L) treatment, nearly 100% of cells bound by 

fluorescence-labeled LL-37 (8 μM) were also SYTOX Green positive, a proxy for compromised 

membranes characteristic of dead cells, yet only approximately 50% of cells in the control 

conditions had concomitant staining. Arrows denote LL-37–positive cells that were SYTOX 

Green negative. NS, not significant.***P < .001 and ****P < .0001, by Kruskal-Wallis 1-way 

analysis of variance.5  
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Figure 4.2 Bacterial cytological profiling (BCP) demonstrates augmented translation 

inhibition in MDR A. baumannii upon AZM + MIN cotreatment. A. baumannii strain 

AB5075 cells were grown in CA-MHB to a starting OD600 of 0.13 and treated for 2 h with 

MIN, AZM, or both drugs combined. Cells were strained for fluorescence microscopy with 

FM4–64 (red cell membrane dye), DAPI (blue DNA dye), and SYTOX-Green (green membrane-

impermeable DNA dye, used as proxy for cell lysis). “T” denotes observed toroidal nuclei. (A) 

BCP was carried out for AZM and MIN both alone and in combination in CA-MHB. (B) The 

percentage of total cells counted, between 100 and 200 in at least 3 frames, with toroid nuclei for 

untreated and treated cultures in CA-MHB. (C) BCP was carried out for AZM and MIN both 

alone and in combination in RPMI+. (D) The percentage of total cells counted, between 100 and 

200 in at least 3 frames, with toroid nuclei for untreated and treated cultures in RPMI+. BCP 

images are representative of 3 independent experiments. Percent total toroid containing cells is 

combined data from 3 independent experiments for each media type. Scale bar = 2 μm. For 

panels (B) and (D), statistical significance was calculated using a two-way ANOVA with ** 

≤0.01 and *** ≤0.001.6   
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CHAPTER 5: 

Concluding remarks and future directions 
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 The work of this dissertation details the application of fluorescence microscopy, 

specifically the technique bacterial cytological profiling (BCP), to study antibiotics and their 

interactions with their targeted bacteria, bacteriophage infection, and other antimicrobial 

compounds.  

 Chapter 2 describes the integration of microfluidics and fluorescence microscopy to 

observe uptake of fluorescently labeled antibiotics in E. coli under various conditions, including 

altered genetic backgrounds and media. Combining these two tools allowed us to identify the 

individual contributions of the outer membrane and efflux pumps, as well as the impact of 

bicarbonate, on the accumulation of macrolides. In the future, it would be interesting to test other 

fluorescent antibiotics that have cytoplasmic targets, such as trimethoprim or ciprofloxacin, and 

antibiotics that have targets within the periplasmic space, such as penicillin and vancomycin.  

The limitations of the microfluidics uptake technique mainly lie in the intensity of the 

fluorescence signal. Because macrolides and many other protein synthesis inhibitors bind the 

ribosome, the signal tends to be relatively robust due to the sheer number of ribosomes within any 

given bacterial cell that can concentrate the antibiotic to higher intracellular levels. For 

trimethoprim, which inhibits dihydrofolate reductase, and ciprofloxacin, which binds to DNA 

gyrase, their protein partners exist at much lower densities within the host cell, and so the 

subsequent fluorescent signal may not be boosted above background in these cases.  

For penicillin and vancomycin, these antibiotics already have a difficult time traversing the 

Gram-negative outer membrane, even in the absence of the bulky fluorophore. Thus, for cases in 

which there exists an intact outer membrane, it would be difficult to obtain meaningful data of 

their accumulation, if any. However, similar studies could be done with clinically relevant Gram-

positive bacteria, such as S. aureus, for which these cell-wall active drugs are potent. Data 
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published in Poudel et al. [1, 2] and Rajput et al. [2] showed that different MRSA strains have 

varying responses to nafcillin treatment dependent on the growth media, specifically the swelling 

of MRSA USA300, but not USA100, in the standard bacteriologic media CAMHB, but lysing in 

the eukaryotic cell culture media RPMI 1640. Using microfluidics and fluorescence microscopy, 

these differential reactions could be observed temporally in conjunction with fluorescent antibiotic 

localization.   

Chapter 3 describes the visualization of jumbo phage φKZ infection of P. aeruginosa 

during treatment with antibiotics of varying mechanisms of action. Using BCP, we confirmed that 

treatment with the antibiotics alone lead to distinct cytological changes in the P. aeruginosa host 

cell. Inhibition of specific biosynthetic pathways influenced the initiation and progression of φKZ 

infection either negatively, such as in the case of the protein synthesis inhibitors and the DNA 

intercalator daunorubicin, or positively, such as in the case of the cell wall synthesis inhibitors. 

We observed differences in the phage-encoded tubulin PhuZ during treatment with antibiotics that 

increased the host cell length that lead to mislocalization of the phage nucleus away from mid-cell. 

Our data highlighted some cytological changes during co-treatment and infection that 

would interesting to investigate further in the future. This includes the observed stall of phage 

infection during treatment with antibiotics that block protein synthesis inhibitors, and we 

demonstrated that removing the chloramphenicol allows for progression of phage infection. This 

provides a potential tool to allow for genetic editing of these phages before they produce their 

protective proteinaceous nuclear shell. Another question that may be answered in the future is the 

processes underlying the widening of the host cell during infection and the constraints placed on 

the phage nucleus during antibiotic treatment that causes aberrant bulge formation or movement 

of the phage nucleus away from these bulges.  
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The application of BCP to study phage-antibiotic interactions is not limited by the lifestyle 

of the phage of interest. This work relied on observable changes in the phage nucleus and other 

phage-specific cytological features, such as the nuclear shell or tubulin. In cases where the phage 

of interest does not make these obvious cellular structures, it will be interesting determine which 

cytological observations can be informative. For example, degradation of the host chromosome, 

replication of phage DNA, and assembly of viral particles using GFP fusions is open to discovery 

and for observing phage-antibiotic interactions using the methods detailed in this chapter. It is also 

possible, however, that non-nucleus forming phages impact the morphology of the host cell in 

unknown alternative ways that may be of interest to study using this technique.   

Finally, Chapter 4, in part, summarizes two published works, by Ulloa et al. [3] and Dillon 

et al. [4], that used BCP to investigate antimicrobial synergy. This chapter highlights the flexibility 

of BCP through is application to study a variety of bacterial species, including those that are multi-

drug resistant.  
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